
ELEVATED GUIDEWAY COST-RIDE

QUALITY STUDIES FOR GROUP
RAPID TRANSIT SYSTEMS

D.N. Wormley
J . K. Hedrick

L . E g 1 i t i s

D. Costanza

Department of Mechanical Engineering
Massachusetts Institute of Technology

Cambridge MA 02139

OCTOBER 1977

FINAL REPORT

DOCUMENT IS AVAILABLE TO THE U.S. PUBLIC
THROUGH THE NATIONAL TECHNICAL
INFORMATION SERVICE. SPRINGFIELD,
VIRGINIA 22161

Prepared for

U.S. DEPARTMENT OF TRANSPORTATION

OFFICE OF THE SECRETARY
Office of the Assistant Secretary for Systems Development

and Technology
Office of Systems Engineering

Washington DC 20590



NOTICE

This document is disseminated under the sponsorship
of the Department of Transportation in the interest
of information exchange. The United States Govern-
ment assumes no liability for its contents or use
thereof

.

NOTICE

The United States Government does not endorse pro-
ducts or manufacturers. Trade or manufacturers'
names appear herein solely because they are con-
sidered essential to the object of this report.



Technical Report Documentation Page

1 . Report No.

DOT-TSC-OST-77-54

2 . Government Accession No.

4. Title and Subtitle

ELEVATED GUIDEWAY COST-RIDE QUALITY
STUDIES FOR GROUP RAPID TRANSIT SYSTEMS

7. Author^s)

D.N. Wormley, J.K. Hedrick, L. Eglitls, D. Costanza

3. Recipient s Cotolog No

5. Report Dote

October 1977

6. Performing Orgonizotion Cod

8. Performing Organization Report No.

DOT-TSC-OST-77-54

9. Performing Organization Name ond Address

Department of Mechanical Engineering*
Massachusetts Institute of Technology
Cambridge MA 02139

10. Work Unit No. (TRAIS)

OS749/R8505
11. Contract or Grant No.

DOT-TSC-1206

12. Sponsoring Agency Name and Address

U.S. Department of Transportation
Office of the Secretary
Office of the Assistant Secretary for Systems
^^Development and Technology
Office oi Systems Engineering
Washington DC 20590

13. Type of Report ond Period Covered

FINAL REPORT
September 1976-May 1977

14. Sponsoring Agency Code

15. Supp I ementory Notes

*Under contract to;

U.S. Department of Transportation
Transportation Systems Center
Kendall Square
Cambridge MA 02142

1 6. Abstract

A methodology is developed for relating cost to ride quality in elevated guide-

way system design, based upon directly relating guideway structural properties and

construction tolerances to both cost and ride quality. It is illustrated in detail

for group-rapid-transit precast concrete elevated guideway systems. These detailed
cost-ride quality studies include an assessment of span properties, construction-
related tolerances such as joint discontinuities, pier height variations, camber,
and local surface roughness, and the effect of vehicle properties on cost and vehlcl
ride quality.

De;^L gt Transportation
r--

17. Key Words 18. Distribution Stotement

Group Rapid Transit,
Elevated Guideways,
Ride Quality

DOCUMENT IS AVAILABLE TO THE U.S. PUBLIC
THROUGH THE NATIONAL TECHNICAL
INFORMATION SERVICE, SPRINGFIELD
VIRGINIA 22161

19. Security Classif. (of this report) 20 . Securi ty Cl os >i f. (of thi s poge) 21 • No. of P oges 22. Price

Unclassified Unclassified 202

Form DOT F 1700.7 (8-72) ReproiJuction of completed page authorized





PREFACE

The authors wish to acknowledge the assistance of C.E. Maguire,

Inc., which performed the structural and costing studies contained in

this report. The detailed cost calculations were performed under the

direction of Sam Wasfy.

The authors also wish to acknowledge the assistance provided

by representatives of the precast concrete industry, particularly Donald

Reeves of San-Vel Concrete Corporation, in providing information on the

technical aspects of casting and cost reduction for pre-cast beam elements.

This study was supported by the Transportation Advanced Research

Projects (TARP) Program of the U.S. Department of Transportation, Office

of the Secretary, and the Transportation Systems Center. We wish to

acknowledge the fruitful suggestions and assistance of the project

technical monitors, Donald Sussman and Robert Ravera. The authors also

acknowledge Mrs. Leslie Regan, who prepared the report manuscript.

ili



METRIC

CONVERSION

FACTORS

IV



CONTENTS

Section Page

]. INTRODUCTION 1-1

1.1 Background 1-1

1.2 Scope and Objectives of Study
1.3 Guideway Cost-Construction Tolerance-Ride Quality

Relationships 1-5

1.4 Study Methodology 1-9

2. GUIDEWAY STRUGTURAL DESIGN AND COST ANALYSIS 2-1

2.1 Configuration Definition 2-1

2.2 Structural Design Basis 2-1

2.3 Cost Basis 2-5

2.4 Configuration Parametric Studies 2-9

2.4.1 Superstructure Studies 2-9

2.4.2 Support Structure Tradeoff Studies 2-18

2.5 Baseline Designs and Cost Summary 2-22

3. RIDE QUALITY ANALYSIS 3-1

3.1 Ride Quality Measurement 3-1

3.2 Vehicle-Guideway Model 3-3

3.2.1 Guideway Representation 3-4

3.2.2 Vehicle Representation 3-7

3.2.3 Summary of Ride Quality Computation
Techniques 3-10

3.3 Summary of Baseline Vehicle-Guideway Parameters 3-13

3.4 Influence of Guideway Static Irregularities
on Ride Quality 3-13

3.5 Influence of Simple Span Deflection, Mean Camber
and Irregularities on Vehicle Response 3-31

3.6 Influence of Multiple Span Deflection, Mean Camber
and Irregularities on Vehicle Response 3-40

V



CONTENTS (cont.)

Section —

3.7 Influence of Vehicle Suspension Properties
on Ride Quality 3-45

4. RIDE QUALITY COST TRADEOFF STUDIES 4-1

4.1 Scope of Tradeoff Studies 4-1

4.2 Baseline Guideway Configuration 4-1

4.3 Lateral Ride Quality Cost Relationships 4-2

4.4 Vertical Ride Quality Cost Relationships 4-7

5. SUMMARY AND CONCLUSIONS 5-1

6. REFERENCES 6-1

APPENDIX A SUMMARY OF STRUCTURAL DESIGN CALCULATIONS FOR
SMALL GUIDEWAY A-1

APPENDIX B SUMMARY DESIGN COST CALCULATIONS B-1

APPENDIX C VEHICLE-GUIDEWAY MODEL DESCRIPTION C-1

C.l Guideway Representation C-1

C.2 Vehicle Representation C-18

C.3 Computation of Vehicle Acceleration C-34

APPENDIX D REPORT OF INVENTIONS D-1

vi



LIST OF ILLUSTRATIONS

Figure ^’^8^

1.1 Relationships of Ride Quality, Construction Tolerance
and Guideway Cost 1_7

1.2 Construction Generation Surface Profile Irregularities 1-8

1.3 Cost-Construction Tolerance-Ride Quality Design
Methodology 1-10

2.1 Guideway Configuration 2-2

2.2 Superstructure Guideway Configurations 2-10

2.3 Distribution of Prestressing Strands 2-13

2.4 Small and Large Superstructure Designs 2-16

2.5 Construction of Continuous Spans 2-17

2.6 Pier Designs and Costs 2-21

2.7 Cost Breakdown by Structural Components 2-23

2.8 Design Cost Summary 2-25

2.9 Distribution of Guideway Costs 2-27

3.1 Lateral I.S.O. Specification 3-2

3.2 Vertical I.S.O. Specification 3-2

3.3 Construction Generation Surface Profile Irregularities 3-5

3.4 Vertical Plane Vehicle Model 3-8

3.5 Lateral Plane Vehicle Model 3-9

3.6 Time and Frequency Analysis Techniques 3-12

3.7 Vertical Single Span Dimensional Irregularity Input
PSD 3-17

3.8 Small Vehicle Vertical I.S.O. Single Span Response to

Separate Irregularities, 60 Foot Span Length, 60 MPH 3-19

3.9 Large Vehicle Vertical I.S.O. Single Span Response

to Separate Irregularities 60 Foot Span Length, 60 MPH 3-20

vii



LIST OF ILLUSTRATIONS (cont.)

F igure

3.10 Maximum Vertical Construction Tolerance to Meet 25 Minute

I.S.O. Specifications 3-22

3.11 Large and Small Vehicle Irregularity I.S.O. Response 60

Foot Span Length, 60 MPH 3-23

3.12 Lateral Single Span Dimensional Irregularity Input

PSD . 3-25

3.13 Small Vehicle Lateral I.S.O. Separate Irregularity Response

60 Foot Span Length, 60 MPH 3-26

3.14 Large Vehicle Lateral I.S.O. Separate Irregularity Response
60 Foot Span Length, 60 MPH 3-27

3.15 Maximum Lateral Construction Tolerance to Meet 25 Minute
I.S.O. Specifications 3-29

3.16 Large and Small Lateral I.S.O. Single Span Response,

60 Foot Span Length at 60 MPH 3-30

3.17 Small Vehicle Lateral Total RMS Response as a Function of

Span Length and Velocity 3-32

3.18 Large Vehicle Lateral Total RMS Response as a Function of

Span Length and Velocity 3-33

3.19 Large and Small Vertical Single Span I.S.O. Response

60 Foot Span Length, 60 MPH 3-34

3.20 Small Vehicle Vertical I.S.O. Single Span Response as a

Function of Velocity and Span Length 3-36

3.21 Large Vehicle Vertical I.S.O. Single Span Response as a

Function of Velocity and Span Length 3-37

3.22 Small Vehicle Six Span I.S.O. and Deflection Response of

80 Foot Span Length at 60 MPH 3-41

3.23 Large Vehicle Six Span I.S.O. and Deflection Response of

80 Foot Span Length at 60 MPH 3-42

3.24 Large Vehicle Single Span RMS Response as a Function of
Sprung and Unsprung Natural Frequency 3-46

4.1 Cost Lateral Ride Quality Tradeoff for Lateral Surface
Profile Modifications 4-6

4.2 Beam Cost, Camber, Unit Deflection, and Stiffness for

a 60 Foot Simple Span Large Guideway 4-8

viii



LIST OF ILLUSTRATIONS (cont.)

Figure Page

4.3 Beam Cost, Camber and Unit Deflection as a Function of
Continuity for a 100 Foot Span Large Guideway 4-12

4.4 Cost-Vertical Ride Quality Tradeoff as a Function of
Continuity for 100 Foot Span Large Guideway 4-13

4.5 Cost-Vertical Ride Quality for Modification of Vertical
Surface Profile on the 60 Foot Simple Span Large Guideway . . 4-16

C.l General Elevated Guideway Configuration C-2

C.2 Multispan Reinforcing Strands C-2

C.3 Mode Shapes for Multispan Guideways C-8

C.4 Surface Roughness Measurement Device C-11

G.5 Guideway Surface Roughness Profiles C-14

C.6 Mean Camber Profile C-15

C.7 Non-Dimensional Vehicle Acceleration Transfer Function
Magnitude as a Function of Non-Dimensional Frequency C-23

C.8 Lateral Vehicle Schematic C-28

C.9 Small Vehicle Root Locus C-32

C.IO Large Vehicle Root Locus C-33

C.ll Vertical Vehicle Analysis Program C-39



LIST OF TABLES

Table Page

1.1 Group Rapid Transit Vehicle Characteristics 1-5

2.1 Factors I'/hich Influence Structural Design 2-6

2.2 Structural and Cost Characteristics of Constant and Variable

Depth Section Simple Spans 2-14

2.3 Deflection, Camber and Cost for Simple and Continuous Spans 2-19

2.4 Summary of Span Design Structural Properties 2-28

3.1 Baseline Vehicle Parameters 3-14

3.2 Baseline Construction Tolerances 3-15

3.3 Small Vehicle RMS Acceleration on Single Span Guideway Design 6.. 3-38

3.4 Large Vehicle RMS Acceleration on Single Span Guideway Design 3a. 3-39

3.5 RMS Vehicle Accelerations for Three Span Continuous Guideways . . . . 3-43

3.6 RMS Vehicle Accelerations for Six Span Continuous Guideways 3-44

H.l Large Vehicle Lateral Ride Quality for Selected Construction
Tolerance Levels

4.2 Large Vehicle Vertical Ride Quality for Baseline Levels of Con-
struction Tolerance as a Function of Beam Depth for 60 Foot
Simple Spans 4-10

C.l First NS Eigenvalues for Semicontinuous Beams C—

6

C.2 Nondimens ional Modal Coefficients of
<f,

for Three Span Semi-
Continuous Beams ™ C-6

C.3 Vertical Vehicle Transfer Function Coefficients C-21

C.4 Lateral Vehicle Model Nomenclature C-26

X



LIST OF SYMBOLS

a

a
m

a
ms
A

m

c
m
c
ms

d
m
d
ms

E

f (x,t)

vehicle c,g. to front axle distance

modal beam shape coefficient

modal span shape coefficient

surface roughness coefficient, also guideway cross-section area

guideway beam cross section area

time varying mode amplitude coefficient

camber deviation coefficient

camber deviation coefficient

vehicle c.g. to rear axle distance

vertical secondary suspension damping

modal beam shape coefficient

modal span shape coefficient

first coefficient of Fourier sine camber shape

third coefficient of Fourier sine camber shape

fifth coefficient of Fourier sine camber shape

modal beam shape coefficient

modal span shape coefficient

modal beam shape coefficient

modal span shape coefficient

Young’s modulus for beam material

vehicle force distribution acting on beam

f
e

H(m)

^b

I
V

I
V

j

k

span encounter frequency V/£^

frequency response function of linear system

beam cross section moment of inertia

vehicle pitch moment of inertia
12 I

V
vehicle nondimensional pitch moment of inertia ^

m £
V a

vehicle yaw moment of inertia

v/ ^
number of spans per beam in a semicontinuous guideway

XX



LIST OF SYMBOLS (cont
.

)

k
sr

' K

K
c

i
a

a.
1

L
c

*
L

m

"V
m
u

m
V
M
u

n

S
a

vehicle secondary suspension stiffness

vehicle primary suspension (tire) stiffness

vehicle primary to secondary suspension stiffness

ratio, k /k,
sr b

vehicle lateral steering controller overall gain

vehicle distance between front and rear axles

beam length (n

interval spacing distance in multivehicle trains

irregularity characteristic wavelength

length of midchord deviation surface roughness mea-
surement device

vehicle lateral controller gain on yaw angle

mode number

vehicle total mass

vehicle unsprung mass

vehicle sprung mass

vehicle unsprung to sprung mass ratio, m^/m^

span number in multispan guideway

angular-fixed datum irregularity single sided power
spectral density (PSD)

joint offset irregularity single sided PSD

angular relative datum irregularity single sided PSD

surface roughness irregularity single sided PSD

front wheel input PSD

rear wheel input PSD

midchord deviation PSD of surface roughness measure-
ment device

2
nondimens ional single sided irregularity PSD, S/a

nondimensional front (rear) acceleration transfer
function due to input at front (rear)

nondimensional front (rear) acceleration transfer
function due to input at rear (front)

vehicle forward velocity

vehicle crossing velocity frequency ratio, V/2iTto^£^

xii



<

LIST OF SYMBOLS (cont.)

^'ofCr)

^2f(r)

of(r)

^of(r)

z

Z„

AZ
fa(ra)

"fa (ra)

m

sr

rw

m

m

coordinate denoting displacement along length of
guideway

frequency domain description of input to linear
system

coordinate denoting vertical displacement

mean camber mid span magnitude

vertical vehicle input due to guideway deflection

vertical vehicle input due to guideway static shape

total vertical vehicle guideway input

vehicle front (rear) wheel input

vehicle front (rear) suspension attachment point

vehicle front (rear) wheel inputs described in frequency
domain

vehicle front (rear) suspension attachment point ac-
celerations described in frequency domain

vehicle c.g. lateral displacement

total lateral vehicle input due to guidewall irregu-
larities

vehicle front axle (raar axle) lateral tracking errors

vehicle front axle (rear axle) lateral accelerations

vehicle front wheel steering angle

guideway surface roughness mid chord

irregularity construction tolerance

angular-fixed datum construction tolerance

camber deviation construction tolerance

joint offset construction tolerance

surface roughness construction tolerance

angular relative datum construction tolerance

wavelength

m^^ span eigenvalue

m^^ normalized eigenvalue, X Ims
undamped natural frequency of the m mode of beam
vibration

vehicle pitch cancellation frequency

vehicle unsprung natural frequency

xiii



LIST OF SYMBOLS (cont.)

w
V

a)

i

Q

U
c

vehicle sprung mass natural frequency
• th . . ^ 2iriV
1 non-dimensional Fourier frequency, — .

Cl)

b V

wavenumber,

cutoff wavenumber for surface roughness irregularity

TT

P

0

O
a

0
c

a
o

a
rw

a
fim

b

3.1A159. .

.

phase angle between front and rear axle inputs

m*”^ mode beam shape function

vehicle yaw angle

beam mass density

standard deviation

angular-fixed datum irregularity magnitude standard
deviation

camber deviation irregularity magnitude standard
deviation

joint offset irregularity magnitude standard deviation

angular-relative datum irregularity magnitude stand-
ard deviation

mid chord deviation from straight edge standard
deviation

beam damping ratio

beam damping ratio for m^^ mode

vehicle secondary suspension damping ratio

XIV



SUMMARY

This study has developed a methodology for relating cost to

ride quality in elevated guideway design for automated guideway transit

systems. The methodology consists of (1) a guideway configurational

analysis in which structural design and costing techniques are used to

identify promising guideway configurations and baseline construction

tolerance levels, (2) a ride quality analysis in which guideway con-

struction tolerance levels and structural properties are used directly

with vertical and lateral plane vehicle models to compute ride quality

as a function of operating conditions, and (3) a ride quality - cost

sensitivity tradeoff study in which results of the two separate

analyses are applied iteratively to determine system design tradeoffs.

This methodology has been applied to elevated guideways

constructed from precast concrete beams 60 - 100 feet in length

supporting small 10,000 lb or large 20,000 lb group rapid transit (CRT)

vehicles

.

The CRT system designs have illustrated that guideway cost

is particularly sensitive to the following factors:

1) The superstructure which represents 70% of the total

structural cost:

a) Span Configuration

Precast box type beam construction results in a

structure which is 75% of the cost of a similar
structure employing standard AASHTO 1 beam
sections

.
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b) Span Length

As span length increases from 60 to 100 feet,

camber, deflection, and cost increase. Thus a

100 foot span is 10% more costly than a 60 foot

span.

c) Guideway Size

The guideway design for the 10,000 lb vehicle

cost 75% of that for 20,000 lb vehicle

2) The support pier design showed that cast-in-place
round piers were less than 60% of the cost of pre-
cast trapezoidal piers

3) A spread footing foundation was 25% of the cost of a
pile foundation. However, even when a pile founda-
tion is required, pier plus foundation costs are
only about 30% of the total structural cost.

Parametric cost-ride quality studies have shown:

1) The use of 3 and 6 span continuous beams reduces
the effects of both live load deflection and camber
to a point where construction tolerances are the
primary factors influencing ride quality. Ride
quality for the large vehicle is increased at 60 mph
operation from 105 to 120 minutes in terms of ISO

exposure time while the beam cost is decreased by
6% when 6-span continuous beams are used rather
than simple spans.

2) For baseline values of construction tolerance, lat-

eral ride quality was good, exceeding 150 minutes of

ISO exposure time for 60 mph operation of the small
vehicle

.

Lateral ride quality can be improved by reducing
joint offset tolerance from 1/4 to 3/16 inch to
yield an improvement in ride quality by a factor
of 1.3 at 30 mph and 1.1 at 60 mph in terms of ISO
exposure minutes at a cost increase of $0.27
per foot. Reduction of angular errors in the lateral
plane from baseline values was not found to improve
ride quality. The cost of the lateral guidewall could
be reduced with the use of lower quality forms. For

a lower quality guideway in which the surface roughness
is double the baseline value, a cost reduction of $2.67
per foot, 1.3% of total guideway structural cost, is
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achieved with a 50% reduction in ride quality in
terms of ISO exposure minutes.

3) For baseline guideway designs, vertical ride quality
exceeded 55 minutes at 60 mph. The vertical ride
quality can be improved by reduction of joint off-
set tolerance from 1/4 to 3/16 inch to yield an in-
crease in ride quality by a factor of 1.4 at 30 mph
and 60 mph in terms of ISO exposure minutes at a cost
of $0.83 per foot. It can also be improved through
the installation of a ceramic overlay which eliminates
joint offset and reduces camber and which yields
greater than a 60% improvement in ride quality at

30 mph and 60 mph at a cost of $22 per foot, 10% of the
total structure cost.

This study has shown that multiple span guideways for CRT

systems are cost effective. Ride quality for these structures is deter-

mined primarily by construction tolerances and is relatively insensitive

to structural properties. For the large CRT vehicle these types of

guideways can be constructed for approximately $lm per mile and provide

a ride quality nearly equivalent to a 55 minute ISO exposure at 60 mph.

The small CRT guideway can be constructed for approximately $800,000 per

mile and provides a ride quality equal to a 90 minute ISO exposure at

60 mph. The ride quality in these systems can be improved by reducing

construction-generated irregularities or by improving vehicle suspension

characteristics. For vertical motion, a reduction in suspension natural

frequency from 1.0 to 0.75 hertz, or the use of a ceramic overlay on the

guideway, yielded factors of 1.5 in ride quality improvement in terms

of ISO exposure. Thus changes in both vehicle characteristics and guide-

way characteristics may have significant influences on ride quality.

xvii/xviii





1. INTRODUCTION

1 . 1 Background

Group Rapid Transit (GRT) systems employing vehicles op-

erated under automatic longitudinal and lateral control on dedicated

guideways are under serious consideration for implementation in a

:k

number of areas [1]. Gurrently two GRT systems are in revenue ser-

vice-the AIRTRANS and Morgantown systems which utilize small 10-20

passenger rubber tired vehicles operating along guideways with multi-

ple stations. The potential for Implementation of future GRT systems

depends, to a significant extent, upon both the capability to provide

safe, comfortable, timely and reliable service and also upon cost.

For the two GRT systems in service the costs associated with guide-

ways represent more than half the system total capital cost and in an

assessment of these systems [1], identification of methods to achieve

lower cost guideway-vehicle systems while achieving safety, reliability

and acceptable levels of ride quality was identified as a high priority

research task.

Guideway cost reductions for new types of systems such as

GRT may be achieved by use of guideway specifications readily accepted

and understood by contractors rather than research related specifica-

tions, relaxation of required construction tolerances and utilization

of improved construction techniques, as well as by more efficient use

of guideway materials and innovations in basic structure design. In

•k

Numbers in
[ ] refer to references listed in Section 6.
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a number of the advanced systems built to date, the use of stringent

tolerances and specifications not commonly employed in construction

have contributed to high costs [1,2]. Also potential reductions in

cost have been limited directly by vehicle-guideway interactions,

the loads produced on the guideway by vehicles and the associated

vehicle ride quality requirements.

The development of reduced cost guideways for GRT systems

can be guided^ to a significant extent, by experience developed from

construction of highways. However, for GRT systems several features

must be specifically considered in design which are different from

typical highway design, including;

(1) GRT vehicles are operated under automatic lateral
steering and longitudinal control. Lateral steering
control is typically achieved by measuring the vehicle
lateral position with respect to a guiderail or side-
wall and steering the vehicle to maintain a fixed
lateral relative position, thus a sidewall reference
is required. Also because vehicle safety must be
assured under system failure conditions, positive
retention of the vehicle, typically by a sidewall,
is required.

(2) GRT vehicles operating on a guideway are relatively
uniform in size and weight, thus design may be based
upon a specific vehicle in contrast to highways which
must accomodate a wide variety of vehicle sizes and
weights

.

(3) The vehicle-guideway system design is required to meet
a specified level of passenger comfort in the lateral,
vertical and longitudinal planes. Guideway character-
istics coupled with the vehicle steering dynamics and
the vertical suspension elements determine vertical
and lateral ride quality while longitudinal control
influences the longitudinal ride quality.

(4) Provision is required in the guideway for control and
communication channels and for power pick-up by the
vehicle.
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These features require that GRT guideway design must address

a number of factors in addition to those normally considered in highway

design such as represented by AASHTO specifications [3]. Aspects of

these factors, particularly the requirements on designs to meet ride

quality specifications have been discussed in [4-8], while detailed

analytical studies which provide methods of determining vehicle ride

quality and the level of vehicle-guideway interactions are represented

by [9-10]

.

In many urban areas, substantial portions of GRT guideways

will be elevated to negotiate rights-of-way and to provide safety.

To minimize the environmental impact of these elevated structures,

small cross-section long spans are desired while to reduce cost simple

construction methods, not requiring stringent tolerances are required.

To achieve good ride quality, stiff, large cross-section spans built

to minimize construction produced vertical support and lateral guidance

surface irregularities are required. Thus, a fundamental tradeoff ex-

ists between ride quality and cost.

This report describes research to develop a methodology for

relating guideway costs to ride quality and vehicle loading aspects

of elevated, guideway construction and to identify, in detail, the

cost sensitivities of critical vehicle-guideway parameters for GRT

systems. The scope of the study is summarized in the following section.
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1 . 2 Scope and Objectives of Study

The specific objectives of this study include:

(1) Establishment of a methodology which relates guideway

cost to ride related factors

(a) Identification of the generic guideway parameters
which influence ride quality.

(b) Identification of the incremental costs associated
with changes in these parameters.

(c) Development of a design methodology for achieving
a guideway design which minimizes ride comfort
related costs while meeting specifications.

(2) Preparation of design data for typical prototype GRT
vehicle-guideway systems

(a) Determination of the relative incremental costs
associated with critical guideway parameters.

(b) Determination of the relative influence of criti-
cal guideway-vehicle parameters on ride quality.

(c) Synthesis of cost-guideway parameter ride-quality
data into sets of trade-off curves relating costs
for GRT systems directly to guideway parameters.

The first objective is to provide a general framework for

cost effective design of automated guideway systems while the second

objective is to apply the methodology to several specific GRT systems.

While the methodology can be applied to a wide variety of systems,

specific application has been focused on systems with the following

characteristics

:

VEHICLES

•Rubber tired automotive-type

•Under complete longitudinal control
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•Automatically steered by controlling the front tires
steering angle in response to a measurement of the lat-
eral position error between the guideway sidewall and
the vehicle

•Operating speeds of 30-60 mph

GUIDEWAY

•Elevated, mainline (straight) with 60-100 foot spans

•U-shaped interior profile to provide vertical support,
a lateral guidance reference and containment should
the system fail

•Constructed from concrete

•Constructed using simple or continuous spans

Specific design data have been developed for guideways to

accomodate the small and large GRT vehicles whose general character-

istics are summarized in Table 1.1.

TABLE 1.1: GROUP RAPID TRANSIT VEHICLE CHARACTERISTICS

Small Vehicle Large Vehicle

Length

:

ft 15 22

Width: ft 7 9

Weight

:

lbs 10,000 20,000

Speed

:

mph 30-60 30-60

The general methodology employed to relate guideway costs

to ride quality is described in the following section.

1 . 3 Guideway Cost-Construction Tolerance-Ride Quality Relationships

The construction cost-construction specification-ride quality

relationships for an elevated guideway system are summarized in Figure
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1.1. Guideway design requirements and cost are influenced by:

(1) Parameters which directly influence ride quality

through the guideway vertical and lateral surface.

(2) Parameters not influencing ride quality but which
are required to determine cost and to insure that

general strength and safety requirements are met as

set by vehicle live load, dead load, v/ind loads and

earthquake loads and soil conditions.

Guideway parameters which directly influence vehicle ride

quality that are attributed to guideway construction methods are il-

lustrated in Figure 1.2 for the lateral and vertical reference planes.

Each of the parameters is assumed to be random, varying in value be-

tween levels established by construction tolerance specifications.

The resultant guideway static profile is represented as a surface

generated by the superposition of the individual random irregularity

profiles.

In addition to the random construction tolerances, vehicle

ride quality in the vertical plane is influenced by deterministic

camber and by guideway deflection due to vehicle loads. The dynamic

deflections are a function of the beam cross-section properties-

specifically the rigidity, area and span length-while determin-

istic camber is primarily a function of the detailed pre-

stressing steel design. Ride quality constraints place requirements

on and establish bounds for these structural parameters and construc-

tion tolerance related parameters. However, because ride quality is

a composite specification, many possible combinations of guideway and

*
The parapet walls are considered rigid with no camber.
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vehicle parameters can result in a system which meets ride quality and

a primary design goal is to develop a system design meeting these speci-

fications in a cost effective manner.

A large number of detailed guideway design parameters do

not directly influence ride quality but are required for specification

of parapet walls, the main support beam, the pier and the foundation to in-

sure that appropriate design codes are met and to compute guideway

costs. Thus, to perform ride quality - cost tradeoff studies, es-

sentially the structural design of a complete guideway must be con-

sidered.

1 . 4 Study Methodology

In order to systematically study cost-ride quality relation-

ships the methodology illustrated in Figure 1.3 has been developed.

The methodology consists of the following components.

(1) A Configurational Analysis in which the guideway super-

structure, piers and footings are designed to accomodate a vehicle of

given speed, size and weight. The detailed design is based upon en-

gineering practice, codes, and economy. Cost data is based upon 1976

New England area unit labor and material costs related to span con-

struction and transportation, earthwork, footing and pier construction

k
and final installation, alignment and finishing. This configurational

analysis results in the definition of span structural properties and

construction tolerance levels for span vertical support and lateral

*
The cost does not include land acquisition, power and communication
equipment installation or contractor profit.
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guidance surfaces. The costs of construction and sensitivity of design

alterations to cost are also identified. The detailed description of

this configurational analysis is contained in Section 2.

(2) Vehicle-Guideway Ride Quality Analysis in which span

structural properties (rigidity, natural frequency and length), camber

and construction tolerances are used as inputs to vehicle vertical and

lateral plane computer simulation dynamic models to compute ride quality.

The construction tolerances are represented as producing random irregu-

larities which excite a lateral plane two degree of freedom vehicle

model and which together with guideway camber and dynamic deflection

due to vehicle traveling weight excite a vertical four degree of

freedom vehicle model. Ride quality is determined using these models

by computing the total or one third octave band (ISO ride quality cri-

teria) rras vehicle accelerations as the vehicle travels along a pre-

scribed guideway. The detailed ride quality analysis results in

determination of ride quality sensitivity to guideway and vehicle

parameters . The analysis method and sensitivity study results are

described in Section 3.

(3) Ride Quality-Cost Sensitivity Assessment in which re-

sults of the structural design-cost analyses are coupled with the

ride quality analyses and through successive system design-cost

computation-ride analysis iterations a "minimum" cost system is

achieved which meets desired ride quality. These ride quality-cost

tradeoff studies are summarized in Section 4.

1-11 /1-12





2. GUIDEWAY STRUCTURAL DESIGN AND COST ANALYSIS

2 .1 Configuration Definition

In this chapter the structural design and costing of guide-

way configurations is described. Single lane, elevated guideways con-

sisting of precast, prestressed concrete beams ranging in span length

from sixty to one hundred feet and erected as simple, three or six

span continuous structures have been considered as shown in Figure 2.1.

In the designs the guideway vertical support beam serves as the prime

structural member. Parapet sidewalls, either cast-in-place or cast

integrally with the beams, provide the sidewall reference surfaces

to guide and restrain the vehicles. Straight sections of guideway

with a nominal sixteen foot vertical clearance are considered for the

detailed pier and footing design. Factors such as curvature, varia-

tion in topography, skewed crossings and variable soil conditions

have not been considered.

2. 2 Structural Design Basis

At present specific design codes and specifications have not

been developed for CRT guideways. However, except for the factors

listed in Section 1.1 concerning (1) sidewall guidance reference re-

quirements (2) uniformity of vehicles, (3) design for passenger com-

fort and (4) provision for ancillary power pick-up, control and com-

munication channels, CRT guideway design is similar to elevated high-

way structure design. A review of specifications cited in the American

Associated of State Highway Transportation Officials (AASHTO) Standard
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Cast-in-place parapet

FIGURE 2.1: GUIDEWAY CONFIGURATION
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Specifications [3] has indicated that the general design and material

quality specifications are directly applicable to the design of ele-

vated GRT structures. Because these specifications have evolved over

a period of years and are familiar to engineers and contractors, they

provide a well-understood basis for the design of a structure which

can be built practically. A specific review of the codes was con-

ducted to determine if for GRT structures, the utilization of the

applicable parts of the code would lead to increased guideway cost

in comparison to other design methods based upon sound engineering

practice. No areas were found in which use of the codes would ar-

tificially increase costs.

The detailed design of the structure concrete members has

been based upon the Load Factor Design Method [11]. Specific loads

considered include the structure dead weight, the vehicle static and

dynamic loads and environmental loads including wind, earthquake,

ice, snow and thermal loads. In addition to these standard loadings,

special conditions proposed for GRT vehicles have been considered:

(1) The span shall be capable of supporting a series of

fully loaded vehicles parked end-to-end.

(2) The parapet sidewalls shall withstand a full speed
crash of a fully loaded vehicle.

The parked vehicle condition was found in all design cases

to be more restrictive than a single vehicle dynamic load and thus the

ft

parked vehicle condition limited all the design cases considered.

ft

This parked vehicle condition increases the cost of the guideways con-
sidered in comparison to a single vehicle condition from $2.00 per lin

ear foot for 60 foot spans to $7.50 per linear foot for 100 foot spans
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The major construction materials and the applicable stresses used in

the structural design are listed below:

Reinforced Concrete; 3000 psi ultimate strength, with
allowable compressive strength of

1200 psi.

Prestressed Concrete ; 5000 psi ultimate strength, with
allowable compressive strength

of 2000 psi under design loads.

Prestressing Steel ; 1/2" Dia. ,
Grade 270 strands conforming

to ASTM-A416 with a final effective
stress after losses of 160,000 psi.

Reinforcing Bars : Grade 60 conforming to ASTM-A615
with an allowable tensile stress
of 24,000 psi.

These are standard construction materials and were selected

after consideration of both light-weight and high strength concrete.

Since a large portion of a beam load capacity is utilized by its self-

weight, lightweight aggregate was evaluated for precast beam sections.

The chief advantage of lightweight structural concrete is that a beam

of reduced cross-section may be used to support the same live load as

standard concrete. This advantage is useful when design is governed

by stress rather than stiffness and has been employed economically in

high-rise buildings where span lengths are relatively short and deflec

tions do not limit design. For guideway spans in the sixty to one hun

dred foot range, no structural advantage is gained with the use of

lightweight concrete and the increase in material unit cost by 30 to

50% in comparison to standard concrete does not justify the use of

lightweight aggregates. In addition, the decreased modulus of elas-
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ticity in lightweight aggregates results in increased deflections in

comparison to standard concrete.

No justification was found to use high strength concrete in

excess of 5000 psi ultimate strength, because the increase in unit

material costs could not be balanced by decreases in other unit costs.

The influence of design load factors, material properties,

construction tolerances and soil conditions on each of the guideway

main structural elements in the design process is summarized in Table

2.1. The detailed design calculations which lead to the guideway

structural definition are illustrated in Appendix A for simple and

continuous span small vehicle guideway structures. Design procedures

similar to those outlined were employed for all designs developed in

this study. Basic designs have been developed to accomodate the en-

velopes and weights of the small and large GRT vehicles cited in Table

1.1. The specific designs were developed in parallel with guideway

costs and in several cases, a number of design iterations were per-

formed to achieve a minimum cost structure which could meet require-

ments .

2. 3 Cost Basis

In addition to the structural design and construction mat-

erials, overall construction costs are also influenced by factors such

as construction scheduling, erection techniques and required construc-

tion tolerances. Many factors which may have a substantial effect on

guideway costs are site related such as sub-soil conditions, existing
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TABLE 2.1

:

FACTORS WHICH INFLUENCE STRUCTURAL DESIGN

PIER

FOOTING

PIER

COLUMN

BOX

GIRDER

PARAPET

WEIGHT (DEAD LOAD) P P P -

CO
VEHICLE LIVE LOAD S S P S

Q
< WIND LOAD P P — —
o

EARTHQUAKE P P — —

THERMAL (EXP. & CONTR.) s* s* P* P*

CONCRETE _ p P
- (J
cc z
LU UJ

PRESTRESSING STEEL — — P —
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< H REINFORCEMENT p p S P

C/5
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LU O TOLERANCES & WORKMANSHIP s s P P
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h- o
o < SOIL CONDITIONS p — s* —

u.

LEGEND:

P = PRIMARY INFLUENCE

S = SECONDARY INFLUENCE

* = CONTINUOUS SPANS ONLY
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structures, streets, utilities, site accessibility and the availabil-

ity of equipment, materials and manpower. In order to achieve a con-

sistent basis for the evaluation of alternate guideway configurations

the following tenets have been adopted.

1. Locality . The Metropolitan Boston Area has been sel-

ected as a basis for cost studies, thus setting local labor rates,

material costs, and standard practices of construction. The assump-

tion that a precast concrete plant is located within a radius of 20

miles from the site was made.

2. Time Factor . The second half of 1976 was chosen as a

base for applying the various cost factors, such as labor rates, mat-

erial prices, equipment costs and labor productivity. As the study

progressed, cost escalation factors with time were not applied to

maintain a constant basis for comparing the various designs.

3. Construction Finishes . Color additives, special con-

crete treatments or other aesthetic features which add to the cost

have not been considered.

4. Soil Conditions . Standard dry earth excavation was

computed in the cost but such other costs as rock excavation, removal

of street paving, relocation of existing utilities, dewatering of

excavation which are site related have not been considered.

5. Right-of-way, Land Acquisition and State or Local
Permits have not been considered.

6. Contractor’s General Conditions, Overhead and Profit

are cost factors, however because of the great variation in these
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factors for different localities and market conditions, they were not

considered in the cost. Typically they may vary from 15% to 25% of

the total construction cost.

7. Weather Conditions . Winter protection, heating of con-

crete, snow removal and similar factors were not considered in the

computations

.

8. Curvature has not been considered and only straight

guideway costs have been computed.

9. Electrical and Mechanical Systems have not been con-

sidered in developing guideway cost.

The specific structure elements considered in the development of the

costs include:

•Earthwork consisting of earth excavation and backfill
and a one foot crushed stone base under the concrete
footing.

•Cast-in-place concrete spread footing.

•Precast or cast-in-place concrete pier.

•Cast-in-place concrete cap over pier.

•Precast, prestressed concrete box beams.

•Cast-in-place concrete sidewalls.

•Elastomeric bearings under the superstructure.

•Joint sealer between units of superstructure.

The cost is based on estimated quantities and unit prices. The unit

prices were derived by considering factors such as materials, labor

productivity and rates, fringe benefits, equipment rental, transporta-
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tion and erection.

In addition to in house construction cost data, local con-

tractors, fabricators and suppliers have been consulted for up to

date costs. References [12-16] are commonly used in our commerical

cost estimations and have been used in this study to determine unit

costs

.

The manner in which detailed costs are computed for a guide-

way configuration is illustrated in Appendix B. This procedure was

used in the computation of all costs reported in this study.

2 . 4 Configuration Parametric Studies

Parametric studies have been conducted to identify cost ef-

fective guideway candidates for ride quality analysis. The studies

have considered (1) the superstructure and parapet sidewalls, (2) the

pier supports and (3) the foundation. Since the major cost component

of the guideway is the superstructure, major effort was focused on it.

2.4.1 Superstructure Studies

The basic superstructure configurations shown in Figure 2.2

have been considered. These configurations encompass the use of stan-

dard beam sections for vertical support with a precast U-shaped member

to contain the vehicle as shown in (a) and (b) and a variety of precast

box-type beams either with integrally cast or cast-in-place parapet

walls. For guideways v^hich extend in length over several miles, con-

figurations which employ standard beams with a U-shaped section in-

stalled on top were found to be more costly than other sections be-
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FIGURE 2.2: SUPERSTRUCTURE GUIDEWAY CONFIGURATIONS
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cause of the field labor required to place the beams, the diaphragms

connecting the beams and the U-shaped section. For example, config-

uration (a) was found to be 37% more expensive than configurations (g)

and (h). Configurations (c) and (d) also were found to be ineffic-

ient in comparison to (e) through (g) because these sections have a

relatively low ratio of inertia to area (I/A) which is a measure of

efficiency of material utilization. The box type of beam with cast-

in-place parapet walls was finally selected as most effective. The

parapet walls were selected to be cast in place because casting them

integrally with the beam for the size guideway s considered resulted

in an overall envelope which was difficult and costly to transport

from the precast factory to the site. The basic box type of beam

serves as both the prime structural member and the riding surface.

It is a rigid structure with a high I/A ratio and has high resistance

to a torsional moments, thus making it applicable to curved as well as

straight sections of guideway.

The basic box beam and subsequent design refinements are

represented as configurations (e) through (h) . The final configurations

selected for the small and large guideway designs are respectively configurations (g)

and (h) . These are a basic box with sloping exterior sidewalls. Slop-

ing these walls permits the use of a permanent form for casting

since the beam can be lifted out of the form without disassembly. In

*
addition, these designs use fiber forms to shape the interior voids.

The sloping sidewalls and use of fiber forms in (g) and (h) result in

"The use of a fiber form requires the additional center interior vertical

element in the large configuration of (h) compared to the small con-

figuration (g).
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a cost savings of approximately $22 per foot in comparison to the

straight box of configuration (e) which is cast with removable plywood

forms

.

Using the generic box section, detailed designs were devel-

oped for 60, 80 and 100 ft simple span guideways for the large vehicle.

As the span length is varied, the basic design parameters reduce to the

section depth and the amount of prestressing steel. The distribution

of prestressing steel in the 100 ft. span design is shown in Figure 2.3.

Two types of designs were developed;

(1) For each span length, the design is developed to

use the minimum section depth (minimum amount of

concrete) permissible.

(2) The same section is used for each span length and

the prestressing steel is reduced as span length
decreases

.

The structural characteristics and cost of the designs

developed are summarized in Table 2.2. The data show that for the

60 and 80 foot span lengths, employing a larger section with a re-

duced number of prestressing cables results in a cost penalty which

is less than 3% of the total superstructure cost, because while the

cost is increased due to additional concrete, it is reduced by use of

less steel. Since in an urban environment many different span lengths

are required, the use of a constant section for a range of span lengths

is advisable and very likely will result in a net cost reduction in

comparison to using a different span depth for each length. Thus,

the two basic cross-section shapes illustrated in Figure 2.4 have
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been adopted in this study for the small and large vehicle spans varying

in length from 60 to 100 feet. These designs employ the tapered box

sections with cast-in-place parapet walls. Structural design calcu-

lations for the sidewalls have indicated that a six inch chick para-

pet wall provides the strength to restrain the vehicle under crash

conditions. However, to provide accommodation for the power pick-up

and control hardware embedded in the sidewall, the wall has been

designed with a seven inch width at the base and an eight inch width

*
at the top.

The final factor considered is the use of continuity at

span joints. Both three and six span continuous beam systems have

been studied. For GRT precast beam guideways the joints have been

made live load continuous by extending reinforcing steel across the

joints and filling the joints with concrete after assembly as shown

**
in Figure 2.5. This means of achieving continuity allows transfer

of the moments generated by live loads across the joint and also el-

iminates expansion joints and one half of the bearings. The use of

continuity also permits a reduction in prestressing steel when com-

pared to simple spans and leads to a reduction in span camber. The

disadvantage of continuous structures include the generation of secon

*
This added width allows better placement of the reinforcing bars con
necting the wall to the support beams and thus should avoid a number
of the problems encountered in current GRT system sidewalls.

A preliminary analysis has indicated that complete continuity in

which the dead load is carried across span joints is not cost effec
tive for the GRT guideways considered in this study. It is pri-

marily useful for long span cast-in-place monolithic structures.
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dary stresses due to shrinkage, creep, temperature and settlement of

supports, as well as the additional labor required to achieve the

continuous joint.

The costs of simple, three span continuous and six span

continuous structures designed for the large GRT vehicle along with

unit deflections and camber achieved are summarized in Table 2.3 for

the 100 ft. span system. For this system the total superstructure

costs of the continuous structures are less than that of the simple

span because the decrease in prestressing steel required reduces the

cost more than it is increased by the additional labor required to

achieve continuity. The maximum end span unit deflections and cambers

in the continuous structures are less than one half those of the simple

span structure. Thus 3 and 6 span continuous guideways for this class

of system can be constructed to reduce unit deflection and camber with

no cost penalty in comparison to simple span guideways.

2.4.2 Support Structure Tradeoff Studies

In order to generate realistic cost estimates for the guide-

way system, studies of the support structure were conducted. Three

parameters were considered which affect the substructure design and

cost: (1) degree of restraint (connection) between beam and pier,

(2) configuration of pier column and (3) foundation.

A rigid connection between the superstructure and supporting

structure makes the whole structure behave as a unit which enhances

the stability of the structure and also provides better resistance
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against wind and earthquake loads. This type of monolithic construc-

tion is natural for cast-in-place concrete or structural steel, how-

ever it is not well suited for precast concrete elements since a cum-

bersome mechanical connection is required between the girder and pier

Therefore for the precast beams considered in this study, the beam is

connected to the support pier by bearing pads and steel dowels.

Three types of 16 foot high piers were designed to support

the superstructure. These designs and their resulting costs are sum-

marized in Figure 2.6. The circular cast-in-place pier is the least

expensive since with the use of fiber forms its labor and form costs

are lower than the cast-in-place trapezoidal pier. The trapezoidal

cast-in-place pier is somewhat more pleasing aesthetically than the

circular pier, however, it requires the use of more extensive forms

and thus costs more than the circular pier. The precast pier is al-

most twice the cost of the circular cast-in-place pier because the

cost of transportation and erection are greater than the savings

achieved from casting it in a plant. In addition, the mechanical

connection of the pier to the foundation is relatively complex and

allows the possibility for incomplete load transfer to the foundation

In the tradeoff studies cited in the following section the circular

cast-in-place pier has been used since it is the most economical and

provides a reliable pier-foundation connection.

For all of the design studies conducted in detail, it has

been assumed that soil conditions permit the use of a cast-in-place

concrete foundation. This type of foundation is commonly used for
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good soil conditions. If conditions are poor as is common with peat

or clay, then a pile foundation may be required. The additional cost

of employing a pile foundation and the fraction of foundation costs in

comparison to superstructure costs are summarized in Figure 2.7. These

data show that the pile foundation increases the cost by $47 per foot

for the 80 foot simple span guideway in comparison to the concrete
; however,

foundation plus pier costs are only about 30% of the total cost and the

superstructure represents the most significant cost item.

2 . 5 Baseline Designs and Cost Summary

Designs have been performed for simple and continuous 60, 80,

and 100 foot spans to accommodate the small and large CRT vehicles.

The designs include structures constructed from AASHTO beams (1) and

straightsided box beams (2a) for which the section depth is increaseu as the

span length increases from 60 to 80 to 100 foot in length as well as

designs (2, 3a and 4-7) which use the same section depth for all span

lengths but use a reduced number of prestressing cables for shorter spans.

Designs 3a through 7 represent the tapered box beams constructed with

permanent exterior and fiber interior forms which form the basis for

the large and small guideway recommended designs. All designs are

based upon a round cast-in-place pier and spread footing. The struc-

tural properties of the designs are summarized in Table 2.4.

The cost of these designs have been calculated assuming that

standard construction tolerances are met in both plant and field fab-

"k

Prior to construction borings are taken and analyzed to determine soil
properties such as bearing capacity.
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rication. The standard levels of tolerance have been established by

consulting field fabricators, prestressed concrete manufacturers and

tolerance specifications of the Prestressed Concrete Institute [17].

The specifications are summarized in Table 3.2 of Section 3 in terms

of guideway parameters which influence ride quality. Variations of

tolerance levels from these baseline values are considered in Section

A.

The costs for the designs are summarized in Figure 2.8.

These data show that

:

(1) For every design, the costs increase with increasing
span length. The superstructure cost, which repre-
sents more than 70% of the total structure cost, in-

creases faster than the pier and foundation costs
decrease as span length is increased. The minimum
cost span length is the 60 foot span. For the large
guideway simple span design 3a, the 100 foot span de-
sign is a factor of 1.11 more expensive than the 60

foot span.

(2) For a given span length, the tapered box, using per-
manent exterior and fiber interior forms yields a min-
imum cost structure. For the 100 foot simple span large
guideway, the straight box design 2 is a factor of 1.15
and AASHTO I-beam design 1 is a factor of 1.36 more ex-
pensive than design 3a.

(3) For a given span length, the cost of constructing a

guideway with live load continuity varies very little
from simple span construction, i.e. , costs of a 3 or 6

span continuous structure are within 3% of the simple
span costs.

(4) The small vehicle guideway design for any given span
length is about 75% of the cost of the large vehicle
guideway partially because of its reduced width and par-
tially due to the lighter live load which must be ac-
commodated.

Structural costs would decrease somewhat below the 60 foot span cost,

if spans were made shorter. However, as the span length is decreased
further a point is finally reached for which costs begin to increase.
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The distribution of costs for these designs is summarized

in Figure 2.9 and indicates about 50% of the total cost is attributed

directly to labor, while only 34% is attributed to material, with the

remaining allocated to transportation and erection. Thus, the cost

of installing a guideway is strongly dependent upon local labor costs

The designs summarized in Table 2.4 and Figure 2.8 provide

the definition of basic structures for ride quality analysis. These

designs represent large guideways with structural costs of approxi-

mately 1.05 million dollars per mile and small guideways with struc-

tural costs of approximately $820,000 per mile.
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80 FT. SPAN - DESIGN 3 WITH SLOPING WALLS

FIGURE 2.9: DISTRIBUTION OF GUIDEWAY COSTS
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TABLE 2.4: SUMMARY OF SPAN DESIGN STRUCTURAL PROPERTIES

DESIGN
SPAN AREA INERTIA CAMBER: Inch
LENGTH

Ft in^ In'^ End Span Interior

1 60 738 101,960 N.C. N.C.

1 80 1120 250,780 N.C, N.C.

1 100 1578 521,460 N.C. N.C.

2 60 1524 287,766 +0.23 +0.23

2 80 1524 287,766 +0.81 +0.81

2 100 1524 287,766 +2.04 +2.04

2a 60 1333 80,044 +0.86 +0.86

2a 80 1399 148,919 +1.51 +1.51

2a 100 1524 287,766 +2.04 +2.04

3a 60 1557 258,684 +0.20 +0.20

3a 80 1557 258,684 +0.67 +0.67

3a 100 1557 258,684 +1.62 +1.62

4a,

5

60 1557 258,684 +0.00 -0.04

4a,

5

80 1557 258,684 +0.23 +0.02

4a,

5

100 1557 258,684 +0.82 +0.49

6 60 1126 192,859 +0.19 +0.19

6 80 1126 192,859 +0.77 +0.77

6 100 1126 192,859 +1.58 +1.59

7 60 1126 192,859 +0.08 +0.03

7 80 1126 192,859 +0.36 +0.16

7 100 1126 192,859 +1.00 +0.69

N.C. = not calculated

Material Properties

Elastic Modulus 4 X 10^ Ib/in^ Unit Weight = 150 Ib/ft^
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3. RIDE QUALITY ANALYSIS

3. 1 Ride Quality Measurement

In this chapter the performance measures and specific vehicle-

guideway models used to determine the ride quality performance of base-

line vehicle-guideway systems are summarized.

While ride quality is difficult to define precisely and

its quantitative definition is the subject of a number of current

research efforts, many of the useful indices developed through past

research [18] have measured ride quality in terms acceleration per-

ceived by a passenger in one or several orthogonal directions. One

of the commonly used specifications has been issued by the Interna-

tional Organization for Standardization - the ISO ride quality speci-

fication for vertical, lateral and longitudinal motion [19]. In this

study the ISO lateral and vertical specifications are used respective-

ly as the principal means of assessing vehicle-guideway system ride

quality in the lateral and vertical planes of motion.

The detailed ISO specifications are displayed in Figures

3.1 and 3.2. In the specification the acceleration time history at

a point on the vehicle is analyzed to determine the rms accelerations

in prescribed 1/3 octave frequency bands. These resultant accelerations

are compared with the ISO reduced comfort criteria illustrated in the

figures which are given as a series of curves with time in minutes as

•k

In some instances jerk, the first derivative of acceleration with

respect to time has also been used.
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a parameter. If the vehicle accelerations lie just below the 16 min-

ute curve then the vehicle is said to meet the ISO 16 minute reduced

comfort criteria, while if they lie just below the 60 minute curve

then the vehicle is said to meet the ISO 60 minute reduced comfort

criteria. As the number of minutes in the criteria increases the gen-

eral level of acceleration is reduced.

The reduced comfort curves for the lateral direction have

a minimum in the 1-2 hertz range while the curves for the vertical

direction have a minimum in the 4-8 hertz range to reflect the in-

fluence of frequency and direction upon the physiological aspects of

discomfort. Also in the vertical direction, a low frequency extension

curve for motions below 1.0 hertz is shown which has been proposed to

limit the tendency for low frequency motion sickness.

In addition to the detailed ISO ride quality criteria,

for a number of general parametric studies, total rms acceleration

in either the vertical or lateral motion plane has been used to es-

tablish general trends.

3. 2 Vehicle-Guideway Model

Vehicle-guideway analytical models have been formulated

so that the lateral and vertical plane ride quality of a system may

be computed from the guideway structural specifications
,
construction

tolerances and vehicle specifications.
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3.2.1 Guideway Representation

The guideway is represented as providing a vertical support

surface and a lateral guidance surface to the vehicle. The vertical

support surface is assumed to be uniform across the guideway width

and to be represented by the profile:

y^(x,t) = yg(x) + y^(x,t)

where

:

total vertical profile

static vertical profile

dynamic vertical profile

distance along guideway

time

(3.1)

The lateral profile presented is assumed to consist only of a static

component since deflection of the sidewall due to vehicle steering

reference loads is negligible.

Z^(x) = Z^(x) (3.2)

where: Z = total lateral profile
o

Z^ = static lateral profile

The static profile of the guideway generated during construction

may be decomposed into four basic types of irregularity which are re-

lated to construction practice as shown in Figure 3.3:

(1) Joint offset in which a discontinuity is

generated between two adjacent spans.

(2) Angular misalignment in which the two end points of
a span are offset from a straight datum.

Vehicle roll motion is not excited.
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(3) Camber deviation in which a span assumes a major

camber curvature.

(4) Surface roughness in which local irregularities

generate a rough local surface.

In the construction process, each of these four quantities

varies from span to span. Thus, the guideway model assumes that each

of the measurable quantities varies randomly and a model is adopted

in which the vertical static plane is represented by:

(1) Vertical joint offset as a random variable with a

uniform probability density contained between toler-
ance levels + e .

-- o

(2) Span vertical angular misalignment is represented by

pier height variation which is a random variable with
a uniform probability density between tolerance

levels + £,^. This irregularity may be considered from

a fixed datum or from a datum in which each new value
is referenced to the previous pier height.

(3) Surface roughness in which the local surface roughness
amplitude is a Gaussian random variable whose amplitude
is specified by measuring the maximum deviation under
a ten foot straight edge laid along the guideway.

(4) Camber in which the midspan amplitude of the camber
shown is represented by a random variable with uni-
form distribution between the tolerance levels +
with respect to a mean camber amplitude. The camber
shape and mean camber amplitude are determined from struc-
tural analysis of the beam.

The lateral static plane profile is represented in a manner

analogous to the vertical and consists of lateral joint offset, lateral

*
span angular misalignment and lateral surface roughness. Hie total vertical

and lateral static profiles are generated by summing together the contribu-

tions of the random functions listed above as described in [7].

Camber is not present in the lateral surface profile.
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Guideway dynamic deflections in the vertical plane y^(x,t)

are generated by the vehicle traversing a span. The guideway dynamic

deflection is computed using a modal analysis technique described in

Appendix C. In the analysis the assumption is made that the vehicle

loads on the guideway are the traveling constant vehicle static axle

loads and the vehicle inertial loads due to vertical accelerations

are neglected compared to vehicle weight.

3.2.2 Vehicle Representation

The motion of the rubber-tired GRT vehicle traveling along

the guideway is represented as two independent, uncoupled vehicle

motions - (1) a vertical plane motion excited solely by the guideway

vertical profile y^(x,t) and a lateral plane motion excited solely

by the guideway lateral profile Z^(x). The vertical motion vehicle model

is a four degree of freedom model illustrated in Figure 3.4. The

model includes vehicle sprung mass heave and pitch, unsprung front

and rear suspension masses, and primary tire stiffness as well as

secondary suspension stiffness and damping. The dynamic equations

describing this model are summarized in Appendix C.

The lateral motion model is illustrated in Figure 3.5 where

vehicle yaw and lateral motion are the two degrees of freedom repre-

sented. Vehicle roll motion induced by lateral steering (roll-steer

effect) has been neglected since for prototype GRT vehicles it is

desirable and practical to eliminate roll-steer effects by inherent

k
For vehicles which meet good ride quality standards, the accelerations

are typically less than O.lg and vehicle inertia loads may be neglected
in comparison to weight, in computing guideway deflections.
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vehicle suspension design. In the model the vehicle restoring forces

are generated by tire lateral forces which are assumed to increase

linearly with tire slip angle. The vehicle is guided with a sensor

arm which steers the front axle wheels with steering angle 6 in

response to the measured lateral error between a point on the vehicle

and the guidepath:

6 = -K^[(L*il,+ (Z - Zq)] (3.3)

where

:

5 = steering angle

= steering gain

•k

L = sensor location in front of vehicle center of mass

ip = vehicle yaw angle

Z = vehicle lateral displacement

Based upon the detailed study of lateral vehicle dynamics

summarized in Appendix C where the lateral dynamic equations are

*
summarized, values of steering gain and sensor location L have been

selected to provide a good working compromise between ride quality and

tracking error. As reference [20] has shown, when L* is located at the

front of the vehicle as is increased the vehicle tracking error de-

creases and the rms lateral acceleration increases. Thus, a value of

must be selected which provides a good compromise between tracking

*
error and relative acceleration.

3.2.3 Summary of Ride Quality Computation Techniques

Two primary ride quality computation techniques may be

k
Large tracking errors are undesirable since the guideway lane width
would have to be increased to accomodate large vehicle lateral ex-
cursions from the nominal path.
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developed from the guideway and vehicle analytical models described

above-the time domain and direct frequency domain techniques illustrated

in Figure 3.6. In the time domain technique, a static guideway pro-

file is synthesized using a random number generator. This static

profile is then superimposed on the guideway dynamic profile generated

by a vehicle passage and input to the vehicle. The vehicle time his-

tory accelerations and other motions are computed simultaneously with

the guideway dynamic motions through numerical integration of the

vehicle-guideway system differential equations. The acceleration

time histories, which are similar to the experimental time histories

which would be recorded on a test vehicle, are then analyzed using

Fast Fourier Transfer (FFT) techniques to determine the rms accel-

erations in 1/3 octave frequency bands as prescribed by ISO. This

type of analysis is applicable to either linear or nonlinear vehicle-

guideway models.

For systems which are linear and in which the guideway

equations may be partially decoupled from the vehicle equations (as

is the case when the influence of vehicle inertial acceleration forces

are neglected in comparison to vehicle weight in computing guideway

loads) a direct frequency domain computation of rms accelerations

is possible. In this method, the guideway random irregularities are

represented by spectral densities and the guideway mean camber

and dynamic deflection profile, which are deterministic, by Fourier

series. Then with the vehicle models represented in transfer func-

tion form, the output vehicle accelerations in each frequency band
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may be computed directly and the total rms acceleration computed by

summing the contributions in an appropriate manner over all frequencies.

This frequency domain analysis technique is described in Appendix C.

Since it provides results in much shorter computation times than the

time domain analysis technique, it is used in this study for computa-

tion of rms accelerations. In reference [7], the rms acceleration

in 1/3 octave bands computed for the vehicles described above are

shown to be equal when computed using either the time domain or fre-

quency domain methods.

3. 3 Summary of Baseline Vehicle-Guideway Parameters

A number of parameters require specification to define the

vehicle-guideway system for ride quality analysis. The baseline

small and large GRT vehicle parameters are summarized in Table 3.1,

while the guideway construction tolerances are summarized in Table

3.2. These baseline vehicle-guideway parameters are used unless

otherwise specified in the discussion of specific results.

3.4 Influence of Guideway Static Irregularities on Ride Quality

In this section the influences of vertical and lateral ran-

dom guideway static irregularities on ride quality are determined,

including the effects of vertical and lateral joint offset, angular

misalignment and surface roughness as well as random vertical camber

•k

deviation. First the vertical irregularities are considered in terms

*
Beam deflection and deterministic camber are considered in a follow-

ing section.
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TABLE 3.1: BASELINE VEHICLE PARAMETERS

PARAMETER

SMALL
VEHICLE

LARGE
VEHICLE

VERTICAL 1

Weight: lbs 10,000 20,000

Length x Width: ft x ft 15 X 7 22 X 9

Wheelbase: ft 12 19

Sprung Mass Frequency: Hz 1.0 1.0

Inertia Ratio, I
V

1.0 1.0

Unsprung to Sprung Mass Ratio, M^ 0.25 0.25

Primary to Secondary Suspension Ratio 10.0 10.0

Suspension Damping Ratio, 0.25 0.25

LATERAL

C.G. to Front Axle Distance: ft 6.0 9.5

C.G. to Rear Axle Distance; ft 6.0 9.5

2Yaw Moment of Inertia, I : Ib-ft-sec
y

5065 20,900

Front Axle Total Tire Stiffness: Ib/rad 38,200 38,200

Rear Axle Total Tire Sitffness: Ib/rad 38,200 38,200

Distance from C.G. to Sensor, L : ft 7.5 11.0

Steering Gain: K^, rad/ft 0.3 0.3

3-14



TABLE

3.2:

BASELINE

CONSTRUCTION

TOLERANCES

CAMBER

o

1i1

0.289

H
Pi P3W CDQ M

H CM m CM
S CO W CN CMO CD o f-H OM H P • « • «HOW o o o o
<£ OH W
>W O
Q I—

1

w
< Os CT\H 00 cn 00P IT) CM ro CM
CD • • •

2 o o o c=:<

H <rH W m Ln
S W CM rH CNiM W • • * •

O W o o o c5P O

2 2
O OM HH w m 2 CO H W CO 3 CO
CD CD OJ Q O QJ CD CD (U P cD CU

3 g M w; P S5 K M ^W <C CD W <j o <; H CDH W C P C c H a c p <S C
c/D W M Z M M Crt W M S H3 M
^2 hJ 2 h- <r ^
o o •• H W •• o c •• H W ••

U H W CO P t> CD hH OJ P c3 D

TVOIIuaA TvaaiVT

3-15



of the amplitude power spectral density (PSD) of each individual ir-

regularity .

VERTICAL PROFILE STATIC IRREGULARITY RESPONSE

The total static vertical irregularity power spectral den-

sity consists of four irregularity types. Camber variations are due

to inaccurate prestressing techniques and are assumed to have a mid-

span deviation of 0.5 inches or less from the mean camber shape. The

camber deviation irregularity has a characteristic wavelength, ,

which is equal to the span length of the guideway and may be scaled as

guideway span length is altered. Angular misalignment in the vertical

plane is represented as a variation from one pier height to the next.

The tolerance for the successive pier misalignment is assumed to be

0.5 inches and its characteristic wavelength is also equal to the span

length. Surface roughess is assumed to be limited to an eighth

inch under a ten foot chord as described in detail in Appendix C.

Vertical joint offset occurs only at beam ends and therefore has a

characteristic wavelength which is a function of the number of spans

per beam. The construction tolerance for the joint offset is 0.25 inches.

The amplitude PSD of each irregularity for baseline con-

struction tolerances on a 60 foot simple span system is plotted versus

spatial frequency, f^/2'n' = 1/A, (A = wavelength) in Figure 3.7. These

data show that at long wavelengths A > 150 ft angular deviations dominate,

while in the region 150 > A > 25 ft camber and joint offset dominate and

for A < 25 ft surface roughness and joint offset dominate.
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The total power spectral density due to the sum of irregu-

larities is also plotted in Figure 3.7 for 60, 80 and 100 foot simple

spans

.

This plot shows that only in the range 150 < X < 50 feet

do the PSD's for the three span lengths differ with the shorter spans

having greater amplitude and that overall the PSD's for all three span

lengths may be approximated by the form:

where: (f)^
= vertical static irregularity PSD

—6 A
A = roughness factor- 1.2 x 10 ft-rad

= wavenumber - radian/ft

To determine the relative influence of each irregularity

to vehicle acceleration, the small and large vehicle front and rear

vertical accelerations in 1/3 octave frequency bands were computed

for the vehicle traveling at 60 mph across 60 ft simple spans. These

data are compared in Figures 3.8 and 3.9 with the ISO 25 minute speci-

fication and show that in both cases, angular misalignment generates

accelerations which are small compared to those generated by surface

roughness, joint offset and random camber. The data also show for

this speed that camber has a major contribution in the 1 hertz fre-

quency range corresponding to the secondary suspension natural fre-

quency for both vehicles while joint offset has a major contribution

in 6-8 hertz range corresponding to the suspension unsprung mass nat-

ural frequency of both vehicles. Surface roughness has major con-

This roughness level is equivalent to that measured on the tracked
air cushion guideway in Pueblo, Colorado.
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tributions in the 2-8 hertz range for the small vehicle and in the

6-8 hertz range for the large vehicles.

A summary of the individual Irregularity results are shown

in Figure 3.10 where for each Irregularity the following are tabu-

lated :

(1) The level of baseline tolerance used to compute
vehicle accelerations

(2) The level of irregularity tolerance which can be
used to meet a 25 minute ISO ride quality criteria
for the small and large vehicles.

These data show that when each irregularity is considered

individually, the angular and camber irregularity tolerance could be

increased significantly while joint offset and surface roughness could

be increased only moderately before the 25 minute ISO specification

is exceeded. These data show that since the angular irregularity does

not influence ride quality as strongly as the other types of irregu-

larities, its baseline tolerance level could be increased with little

degradation of ride quality.

Figure 3. II summarizes response data of the small and large

vehicles to a vertical static profile which is the sum of all the

baseline static irregularities. Both vehicles meet a 25 minute ISO

specification when operating at 60 mph. The large vehicle response is

a maximum at 6-8 hertz which is a resonance due to unsprung mass vibra-

tion. In the small vehicle the unsprung mass natural frequency is

identical to the large vehicle, however at 60 mph speed, the vehicle

has a pitch cancellation frequency due to the length between the front
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and rear suspensions of f = vJl 8 hertz which counteracts the un-
p a

sprung mass amplification effect,

LATERAL PROFILE STATIC IRREGULARITY RESPONSE

In the lateral profile joint offset is assumed to be within

+ 1/A inch at beam joints while the maximum angular misalignment error

allowed is one third inch, and is measured relative to the mean guide-

wall position, which is a fixed datum. Surface roughness measured by

the midchord deviation from a ten foot straight edge is limited to an

eighth of an inch.

The individual lateral irregularity PSD's are plotted in

Figure 3.12, for baseline values of tolerance for a 60 foot simple

span guideway. These plots show that for wavelengths above 150 feet

angular misalignment has a major contribution to total irregularity

and for wavelengths below 50 feet surface roughness and joint offset

have major contributions to the lateral static profile. Data showing

the total static irregularity profile PSD for 60, 80 and 100 foot

spans are also plotted in Figure 3.12. The data for the three span

lengths are similar and for wavelengths less than 50 feet may be ap-

proximated accurately with equation (3.3) used to represent the vertical

profile where the roughness coefficient A is similar in value to the

vertical case.

The response of the small and large vehicles to each in-

dividual irregularity are displayed in Figures 3.13 and 3.1A for

60 mph operation on 60 foot spans. These figures show for both vehicles
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that the maximum contribution of the surface roughness occurs in the

1-2 hertz range, the joint offset in the 0.7-3 hertz range and the

angular response in the 0.3 - 1.0 hertz range. A summary of these

data is contained in Figure 3.15 which displays the baseline tolerance

levels and the maximum tolerance levels which could be used before

the acceleration generated by each individual irregularity results

in the small and large vehicles exceeding a 25 minute ISO specifica-

tion. The data show that the angular tolerance level could be in-

creased by a factor of almost eight before it would exceed the speci-

fication. The joint offset and surface roughness tolerances could be

increased by factors of four before they exceed the specification;

thus, in the lateral case, all baseline tolerance levels are consider-

ably below values which would result in an individual irregularity

exceeding the 25 minute ISO specification.

The responses of the small and large vehicle running at 60 mph

along a 60 foot span guideway lateral profile consisting of the sum of

the irregularities are displayed in Figure 3.16. Both the small and

large vehicle lateral responses meet a very good ride quality specif ica-

tion, in excess of a 150 minute ISO specification. Thus, the lateral

ride quality V7ith baseline values of tolerance is quite good.

In lateral vehicle performance assessment, both ride quality

and vehicle tracking error are important. The lateral rms tracking

*
error and total rms accelerations for the small and large vehicles run-

ning along the baseline guideways are summarized in Figures 3.17 and 3.18

For these vehicles the maximum tracking error occurs at the rear of the
vehicle.

3-28



large

vehicle

maximum

I

Q)
to

I

U) U)

+->

0) c
to CT3^ Q.
4- t/)O

(V
+-> r-
c cn
•r- c
o -r-

s-

<T3

c

to
0) (O
CJ OJ
03 C
4- SZ
S- C7)

13 3
oo o

O'

cu
CL

H-

3
CD
<U

S-

ro

('Ul)3 93uej9[0i UOLt^OrUlSUOQ

3-29

FIGURE

3.15:

maximum

LATERAL

CONSTRUCTION

TOLERANCE

TO

MEET

25

MIN.

I.S.O.

SPECIFICATIONS



Rms

Acceleration

(g's)

00

Oi

c
o

«T3

u
u
ct

to

E
a:

10
'0 p---

1—r iTTmT—r"T rmTTi r

10
-1

10
-2

10
-3

10
-1

10
'

10
-1

10
-2

10
-3

10
-1

V - C.G.

A - Front
* - Rear

A.

, V ^ ^w A A
AA

-i M i-i-UiU-

V'^w^
i—i-i.i j.iLcr^jte .1- iJi

10° 10^
Frequency (Hz)

io2

Small Vehicle Response

T—mmn T““rTTT7nT—i r^ynii^

w iflr A.

AAA^ ^ A
V N/ v W A

V
_j Luk-Lftaaj-j

AA

J tM-i uul

10°
, ,

10^
Frequency (Hz)

Large Vehicle Response

10
'

FIGURE 3. 10: LARGE AND SMALL LATERAL I.S.O. SINGLE SPAN

RESPONSE 60 FOOT SPAN LENGTH AT 60 MPH

3-30



which show as vehicle speed is increased from 30 to 60 mph that the

rms tracking errors increase nearly proportionally; however, the maxi-

mum rms tracking error is less than 0.36 inches. The rms accelerations

also increase with speed with the large vehicle rms accelerations more

than doubling and the small vehicle rms accelerations almost doubling

as the speed is doubled. As span length is decreased, both rms track-

ing error and acceleration increase because of the increased number of

joints per unit distance.

3. 5 Influence of Simple Span Deflection, Mean Camber and Irregularities
on Vehicle Response

The vertical response of vehicles on single span guideways

with mean deterministic camber, dynamic deflections due to vehicle

passage and surface profile irregularities are determined in this

section. Mean camber for the baseline simple spans is upward while

span deflection is downward, thus these two effects tend to cancel

for the speed ranges and span configurations of typical GRT systems.

The vertical acceleration responses of the small and large

vehicles running at 60 mph along 60 foot beam designs are summarized

in Figure 3.19. The span crossing frequency is v/X.^ = 1.5 hertz. The

effects of guideway camber and deflection occur at this frequency and

multiplies of this frequency. Comparison of this response with the

response due to only irregularities illustrated in Figure 3.11 indi-

cates that the influence of deflection and mean camber is strong only

in the frequency range of to 2v/£^ and above this frequency ir-

regularities dominate. For this 60 foot span the response in the 6-8 Hertz
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region is a maximum and thus the 60 foot span design ride quality

is primarily limited by irregularities.

The ISO responses of the small and large vehicles for

60, 80 and 100 foot span lengths are summarized in Figures 3.20 and

3.21. These Figures show that as the span length increases, and

the corresponding camber and deflection increase, the response due

to camber and irregularity in the frequency range to 2v/£^,

becomes increasingly significant in comparison to the irregularity

response in the higher frequency range. For the 80 foot span the

response at v/£^ equals the maximum irregularity response, and

for the 100 foot span the response at v/2,^ exceeds the higher fre-

quency irregularity response.

Summaries of the rms vehicle accelerations on 60, 80, and

100 foot spans for 30, 45 and 60 mph are contained in Tables 3.3 and

3.4. These data show for the 60 foot spans the total vehicle accel-

eration is due primarily to the Irregularities and as span length

increases to 100 feet, the total rms acceleration is due about equally

to the camber and deflection component and to the irregularity compon-

ent. For all the cases, the beam maximum deflection is less than the

mean camber. This tabular data shows that the camber and deflection

associated with longer spans reduces ride quality . An increase

in acceleration for 60 mph operation from 0.068 g's to 0.119 g's for

the small vehicle and from 0.077 g’s to 0.122 g's for the large vehi-

cle occurs as the span length is incresed from 60 to 100 feet.
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3 . 6 Influence of Multiple Span Deflection, Mean Camber and

Irregularities on Vehicle Response

Two multiple span guideway configurations have been analyzed-

three and six continuous span systems in which live load continuity

is achieved across interior joints. The primary features of the

multispan case are:

(1) In multispan design, at all interior joints it is

possible to essentially eliminate joint offset, thus

it is only considered at end spans.

(2) The continuity across joints allows a reduction in

prestressing steel which in turn results in reduced
camber in multispan systems.

The rms one third octave frequency band acceleration

responses of small and large vehicles running across a 6-span 80 foot

span length guideway at 60 mph are illustrated in Figures 3.22 and

3.23 along with the beam deflections that occur under the front axles

of the vehicles. The responses illustrate that with the reduced

beam deflection and camber of these continuous spans, the maximum

acceleration response amplitudes are primarily due to irregularities.

Summaries of the rms acceleration responses for small and

large vehicles to crossing three and six span guideways are contained

in Tables 3.5 and 3.6. These results show that except for 100 foot

and 80 foot 60 mph cases, the maximum 1/3 octave band acceleration

occurs in a frequency range where only irregularities contribute to

the response. Comparison of multispan rms accelerations with those

generated solely by irregularities indicates that in all cases less
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than 15% of the total rms acceleration is attributed to camber and

deflection. Thus, use of multispan guideways essentially reduces

the influence of guideway camber and deflection on vehicle ride

quality to a small effect in comparison to the baseline static sur-

face profile effects.

3 . 7 Influence of Vehicle Suspension Properties on Ride Quality

The influence of changing vehicle suspension sprung and

unsprung natural frequencies on ride quality is summarized in Figure

3.24 for the large vehicle crossing a 100 foot simple span system

at 60 mph. As the suspension sprung mass natural frequency is re-

duced from 1.0 to 0.75 hertz the rms acceleration is reduced by

50% while as the suspension natural frequency is increased from

1.0 to 1.5 hertz the rms acceleration is increased by nearly 50%.

This reduction of vehicle sprung mass suspension natural frequency

directly reduces rms accelerations. In vehicle design sprung mass

suspension natural frequencies are generally selected to be as low

as possible within the limits of available suspension travel and

limits imposed by vehicle body deflection and roll due to centrifugal,

wind and cargo loading.

The influence of unsprung mass natural frequency on total

rms acceleration is relatively weak and variations in frequency from

5 to 7.5 hertz change rms acceleration by about 15%. While for the

baseline vehicles, variations in unsprung natural frequency over the

range cited show a small influence on vehicle acceleration, in the
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general case the unsprung suspension design, particularly the amount

of unsprung mass can have a significant effect on vehicle performance

[21]. For CRT vehicles with drive motors mounted on drive axles,

the unsprung mass values are relatively high approaching and in some

cases exceeding 25% of the sprung mass.
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4. RIDE QUALITY COST TRADEOFF STUDIES

4 . 1 Scope of Tradeoff Studies

In this section the principal results of the structural design-

cost analyses and the ride quality analyses are combined to generate

ride quality-cost tradeoff data. While a large number of parameters

influence both ride quality and cost, the detailed studies in Sections

2 and 3 have identified a number of parameters which are of primary

importance, including the following parameters which are evaluated in

this tradeoff study:

(1) Lateral surface profile irregularity parameters.

(2) Vertical surface profile irregularity parameters.

(3) Span continuity parameters.

4 . 2 Baseline Guideway Configuration

As a result of detailed design studies summarized in Section

2 baseline designs for tradeoff analyses have been developed. These

baseline structures consist of a spread footing, cast-in-place pier,

precast, prestressed concrete box beam and cast-in-place parapet side-

walls. The round pier and box beam vjere selected primarily because

they resulted in lower form costs when compared with other pier and

beam shapes. The tolerance levels achieved in the fabrication of the guide-

way using standard construction techniques are summarized in Table 3.2,

while the structural properties of the designs are summarized in Section

2.5.
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4. 3 Lateral Ride Quality Cost Relationships

The lateral ride quality-cost relationship are influenced

for a fixed vehicle configuration only by lateral sidewall construc-

tion tolerances which are represented in terms of (1) surface rough-

ness with respect to a ten foot straight edge, (2) lateral joint off-

set and (3) angular misalignment of the side panels. The lateral ride

quality achieved when the large vehicle is run over the 60 foot span

guideway constructed with the standard tolerances has been summarized

in Section 3.3 in terms of the ISO lateral acceleration limit which

is met in terms of minutes for a reduced comfort level. To determine

the sensitivity of ride comfort to parapet wall construction and cost,

the following modifications to construction tolerance have been con-

sidered :

(1) Modification of lateral joint offset.

A practical modification of lateral joint offset from 1/4

inch to 3/16 inch tolerance level can be achieved by selectively

grinding down sections of the parapet wall at which joint offsets

are greater than 3/16 inch. Based upon the assumption that as a re-

sult of normal construction practice all joints are within 1/4 inch

and that every third joint exceeds 3/16 inch, it is estimated that

4 hours per joint are required to grind each joint in excess of 3/16

inch. Labor and material costs for this job result in a charge of

$48 per joint and for 60 ft spans represents a cost of $0.27 per foot.

It is not considered practical to reduce the lateral offset signi-

ficantly below 3/16 inch by grinding methods.
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(2)

Modification of angular offset.

A practical modification of angular offset, reducing it from

1/3 inch to 1/4 inch, can be accomplished by grinding selective por-

tions of the parapet wall. Under the assumption that every third

span requires grinding of 40 sq. feet of area to reduce the angular

offset, a total of 21.3 hours is required which results in a total

labor and material cost of $256 per span modified or $1.42 per foot

for 60 foot spans.

(3) Modification of Surface Roughness.

The standard construction tolerance of 1/8 inch deviation

under a ten foot straight edge is considered to be the minimum prac-

tical with respect to common field measurement capabilities. However,

by the use of reduced cost forms and less labor in installing forms,

it is practical to produce a surface which meets a 1/4 inch under a

ten foot straight edge requirement. Relaxing this tolerance is es-

timated to reduce form related labor costs by 20% and material costs

by 50% with a net cost reduction of $2.67 per foot.

(4) Modification of Surface by Ceramic Insert.

One of the problems associated with existing CRT guideways

is the degradation of the parapet wall due to steering guidance wheel

contact. A method recommended to reduce wear in guideways by the study

"Advanced Technology Materials Applied to Guideways, Highways and Air-

port Runways" [22] is to use a ceramic strip along the parapet side

wall. The cost of this strip using a one inch thick by six inch width
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strip along both sidewalls is estimated to be $10 per foot with 80%

of the cost associated with the material. Use of this strip should

eliminate joint offset and reduce angular offset of 1/4 inch as well

as provide a highly durable surface. It is not anticipated that the

surface roughness is reduced below 1/8 inch in 10 feet.

The effects of each of these modifications upon the large

vehicle ride quality are summarized in Table 4.1 and the level of

ride quality achieved represented in equivalent minutes as a function

of cost is summarized in Figure 4.1.

Figure 4.1 shows the increased cost and corresponding

increases in ride quality as joint offset and angular errors are

reduced and due to the ceramic overaly. Reduction of joint offset

from 1/4 to 3/16 inch results in a cost increase of $0.27 per foot

and yields an increase in ride quality at 30 mph by a factor of 1.3

and at 60 mph by a factor of 1.4 in terms of ISO exposure minutes.

Reduction of angular error produces essentially no improvement in ride

quality since its overall effect on ride quality is small. The use

of the ceramic insert increases the cost by $10 per foot and yields

an increase in ride quality at 30 mph by a factor of 1.6 and at 60 mph

by a factor of 1.5 in terms of ISO exposure minutes in comparison to

the baseline case. Since all levels of ride quality are good, re-

laxation of construction standards to allow a 1/4 inch deviation un-

der a ten foot straight edge has been considered. For this case a

savings of $2.67 per foot, about 1.3% of the total structure cost, is

obtained with a decrease in ride quality to approximately 50% of the
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baseline values at 30 and 60 mph. However, even with these reduced

levels of ride quality, the ISO 3 hour exposure limit is met.

As shown in Section 3, the small vehicle response to guide-

way lateral irregularities is similar to those of the large vehicle,

thus the trends and general levels of ride quality reported for the

large vehicle above are expected to be similar for the small vehicle.

4. 4 Vertical Ride Quality Cost Relationships

Vertical plane ride quality - guideway cost relationships

are influenced both by the guideway structural design and construc-

tion tolerance levels. The structural design sets the beam rigidity

and deterministic camber. These quantities are essentially determined

by the beam cross-section properties and amount of prestressing steel

used. As the cross-section depth is increased, for a span of a given

length carrying a given load, the span is made stiffer and more con-

crete is required; however, less prestressing steel is required and

the camber is decreased. The influence on stiffness, unit deflection,

camber, and cost of varying the section depth for a 60 foot simple span

design for the large vehicle is summarized in Figure 4.2. As the

section depth is increased from 22 inches to 36 inches, the stiffness

increases by a factor of 2.5, the camber at midspan decreases by a

factor of 3. The total cost to manufacture the beam increases from

$110 per foot to $112 per foot since the increase in materal cost is

nearly balanced by the decrease in prestressing cost. The ride quality

4-7
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achieved on these three beams for the large vehicle when the beams are

erected to achieve the standard levels of construction tolerance is

summarized in Table 4,2. The data show that as the beam depth is in-

creased from 22 to 28 inches the ride quality increases at 60 mph from

25 to 50 minutes and at 30 mph from 75 to 90 minutes. The cost in-

crease is about $2 per foot. Increasing the depth from 28 to 36 inches

produces negligible further Increase in ride quality since for this beam,

the construction tolerance irregularities generate most of the accel-

eration rather than the beam deflection and camber. The cost increase

from 28 to 36 inches if $4 per foot.

These results show that because span cost is relatively in-

sensitive to section depth when designed for a given load, the use

of increased section depth to improve ride quality, primarily because

of the reduction in camber, is feasible. When it is noted that in-

stallation of a guideway in an urban environment requires a large

variety of span lengths, and that for economic production of beams a

common cross-section for all spans is desired, then the follwoing pro-

cedure is recommended.

Select the span cross-section based upon the longest
feasible span length requirement. For all shorter

spans use the same cross-section but reduce the num-

ber of prestressing cables.

This design procedure results in both economy and good ride

quality.
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The second major structural feature of guideways
,

is the

use of continuity across span joints to construct continuous span

systems. Continuity allows moment transfer across span joints and

results in reduced deflection due to a given load. Properties of

the 100 ft. span large guideway for simple, 3 span and 6 span contin-

uous structures are summarized in Figure 4.3. The unit deflection

and camber for the two continuous span systems are nearly identical

and are less than half those corresponding to the simple span. The

cost of the continuous span systems is slightly less than that of the

simple span, because the additional cost of providing continuity is

less than the decrease in cost associated with reduction of pre-

stressing steel.

The ride quality achieved with the simple and continuous

span systems is summarized in Figure 4.4 for the large vehicle run

over a guideway constructed with the standard tolerance levels.

The data show that ride quality is increased for the con-

tinuous spans in comparison to the simple span at 30 mph from 55 to

60 minutes and at 60 mph from 105 to 120 minutes while the cost de-

creases from $114 per foot for simple spans to $107 per foot for six

span continuous beams; thus, the use of continuity both increases ride

quality and reduces cost.

The following modifications to vertical plane construction

tolerances have been considered in assessing a ride quality-cost trade-

off.
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(1)

Modification of the Vertical Joint Offset

The value of vertical joint offset, achieved using standard

construction techniques, 1/A inch, can be reduced to 1/8 inch by

more accurately shimming the guideway beams on the pier supports.

This shimming operation involves use of a crane to support the beam

while shimming is performed, a crane operator, part of a foreman and

additional labor. If this operation is performed during normal con-

struction then it is estimated to take an extra 30 minutes per joint

to achieve the reduction in offset. The cost is $50 per joint or

$0.83 per foot for a 60 foot span. If the reduction in offset were

made after initial construction is completed then because of crane

set up time the cost would increase to $2.83 per foot.

(2) Modification of Pier Height Misalignment

The nominal 1/2 inch pier height adjustment can be reduced

to 1/A inch by using additional shims on low piers and by bush ham-

mering piers which are too high. Under the assumption that every one

out of six piers needs additional shimming and one out of every six

piers needs bush hammering, the cost of these operations is $522 for

every six joints or $1.A5 per foot for 60 foot spans.

(3) Modification of the Running Surface with a Ceramic
Overlay

Ceramic materials have been recommended for guideways be-

cause of their durability. The installation of two ceramic strips,

each one foot wide by approximately one inch deep on the guideway has

A-IA



been studied. The cost of installing these strips of material is $22

per linear foot with $16 per foot associated with the material and the

remainder for labor and the cost of light weight concrete to fill in

between the strips. With the installation of these strips, the verti-

cal joint offset can be reduced to zero and the random camber compon-

ent in the guideway reduced from 1/2 to 1/4 inch.

The effects of these modifications on guideway ride quality

have been determined for the 60 foot simple span large guideway and

summarized in Figure 4.5 with costs for the modification.

The data show that reduction of joint offset from 1/4 to

1/8 inch increases the ride for the baseline guideway at 80 mph

from 90 to 130 minutes and at 60 mph from 55 to 80 minutes at an in-

cremental cost of $0.83 per foot if performed at the time of installa-

tion. Reduction of the pier height misalignment from 1/2 to 1/4 inch

in combination with the joint offset reduction increases the cost with

respect to the baseline by $2.28 per foot but does not increase the

ride quality in comparison to the case of joint offset reduction. The

vertical pier height misalignment does not have a significant influence

on ride quality.

The installation of ceramic strips provides a more durable

running surface and increases the ride quality with respect to the

baseline at 30 mph from 90 to 150 minutes and at 60 mph from 55 to

90 minutes. The cost of this improvement is $22 per foot which repre-

sents an incremental cost of the total structure of about 10%. Since

4-15
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much of this incremental cost is due to the cost of the ceramic material

an equivalent reduction in construction tolerances could be achieved

at lower cost with the use of a less costly material.

While these cost-ride quality tradeoff results have been

determined only for the large vehicle, it is expected that the trends

for the small vehicle are similar.
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5. SUMMARY AND CONCLUSIONS

This study has developed a procedure for assessing ride

quality-construction cost tradeoffs for automated guideway transport

elevated guideway systems. The study methodology consists of (1) a

guideway configuration analysis in which structural design and costing

techniques are used to identify promising guideway configurations,

baseline construction tolerance levels, structural parameters and cost

sensitivites , (2) a ride quality analysis in which the candidate

guideway-vehicle systems are analyzed to determine ride quality levels

as a function of operating conditions and (3) a ride quality-cost sen-

sitivity tradeoff study in which the results of two separate analyses are

applied iteratively to determine the tradeoffs in system design between

ride quality and cost.

This methodology has been applied to a guideway constructed

from concrete, prestressed spans of 60-100 foot in length supporting

a series of small 10,000 lb or large 20,000 lb CRT vehicles.

The configurational analyses of guideway structures resulted

in the design of a series of superstructure-pier foundation structures

at sufficient detail to provide for structural integrity and cost cal-

culation. These designs illustrated that guideway cost is particularly

sensitive to the factors cited below:

(1) Superstructure - The superstructure is the single most

costly part of the overall structure representing 70% of total struc-
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tural cost. The following factors have been analyzed for the super-

struc ture

:

(A) Basic Span Configuration

A comparison of main support beam configurations has shown

that use of a precast, prestressed tapered box beam is cost effective

in which the top surface provides the vertical support surfaces for

the vehicle and for which permanent, steel forms may be used for ex-

terior surface support and fiber forms for interior surface support

during casting. This configuration for simple spans is approximately

76% of the cost of a configuration employing AASHTO standard I-beams.

(B) Section Depth

For a given span length, a minimum section depth exists

which will meet structural requirements. The use of a single section

depth span design for spans varying in length from 60 to 100 feet

was found to be cost effective in comparison to use of a minimum sec-

tion depth for each span length. This section depth was selected

based upon the 100 foot span length. For shorter spans, less pre-

stressing steel was used. This reduction in prestressing steel re-

duces the total steel costs so that the increased cost of the "excess"

ccncrete is balanced. Thus, an increased depth section was shown to

be cost effective and has less camber and is stiffer than a corres-

ponding minimum section depth beam.

5-2



(C) Span Continuity

Structural designs for three and six span beams for the small

and large guideways were performed. These continuous span designs

have less camber, about 50%, and less deflection per unit load than

corresponding simple spans. They have costs comparable to or slightly

less than corresponding simple spans.

(D) Span Length

The designs for 60, 80 and 100 foot span lengths showed that

as span length increases, the cost, unit deflection under load and camber

all increase. The cost increases for simple span guideways by 10% as

the span length is increased from 60 to 100 feet. Thus, shorter span

guideways have both reduced cost and reduced deflection and camber

so that ride quality is improved.

(E) Guideway Size

The guideway design for a 10,000 lb, 15 ft x 7 ft vehicle

had a cost which was 75% of the design for a 20,000 lb, 27 x 9 foot

vehicle. The cost increase for the large vehicle guideway is par-

tially due to increased width and partially to increased weight.

(2) Support Piers - Support pier design for all cases

considered in this study was not found to have a direct influence

on ride quality. Studies of pier design have shown a round pier cast-

in-place with fiber forms to be cost-effective. It is less than 60%

A
The piers are rigid.
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of the cost of a precast trapezoidal pier.

(3) Foundation - A spread footing foundation was used

as a basis for the study. If soil conditions are so poor that a pile

foundation is required, foundation costs would increase by a factor

of four, however even with a pile foundation, the foundation plus pier

costs are only about 30% of the total structure cost.

Both lateral and vertical motion ride quality were assessed

for the small and large vehicles. For baseline levels of construction

tolerance, lateral ride quality is influenced weakly by angular panel

deviation and strongly by joint offset and surface roughness. Vertical

ride quality for baseline levels of construction tolerance is influ-

enced weakly by pier height variations, moderately by joint offset

and deflection and strongly by surface roughness and camber. For

baseline simple 60 foot span length guideways the following values of

ride quality are achieved.

BASELINE ISO RIDE QUALITY: MINUTES

Lateral Vertical

small 30 mph 360 150

vehicle 60 mph 150 90

large 30 mph 720 90

vehicle 60 mph 360 55

For the baseline vehicle-guideway systems. the lateral ride

quality is very good, while the vertical ride quality exceeds 90 min-

5-A



utes at 30 mph and 55 minutes at 60 mph. The small vehicle has better

ride quality in the vertical plane and poorer ride quality in the lat-

eral plane than the large vehicle. As speed increases the ride quality

is reduced.

Parametric studies of simple and continuous span systems have

shown that the three and six span continuous beams have levels of cam-

ber and deflection which are sufficiently small so that ride quality

is determined primarily by the guideway construction tolerances and

is essentially independent of structural properties.

The vehicle sprung mass suspension natural frequency was

shown to have a significant influence upon ride quality. For a reduc-

tion in the large vehicle natural frequency from 1.0 to 0.75 hertz,

rms acceleration levels were reduced by 50% for 60 mph operation on

100 foot simple spans. Thus, basic vehicle suspension design can

have as significant an influence on vehicle ride quality as any of

the guideway parameters studied.

Parametric ride quality-cost studies were conducted for

the large vehicle to evaluate modifications of baseline construction

tolerances on both cost and ride quality. These studies showed that

lateral ride quality improvement could be obtained by:

Reduction of joint offset from 1/4 inch to 3/16 inch

to yield an improvement in ride quality by a factor of 1.3 at 30 mph

and 1.1 at 60 mph in terms of ISO exposure minutes at a cost increase

*
The larger yax<f inertia of the large vehicle results in its better lat-

eral ride quality while unsprung mass motion results in its poorer

vertical ride quality.
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of $0.27 per foot.

The reduction of angular errors from the baseline values

was not found to significantly change ride quality.

Since the lateral ride quality with baseline construction

tolerance levels is very good, a lower quality guideway in which less

costly forms are used was studied. For this guideway which has a

surface roughness of 1/4 inch under a ten foot straight edge, double

the baseline value, a cost reduction of $2.67 per foot, 1.3% of total

guideway cost, is achieved yielding a reduction in ride quality by

approximately 50% at 30 and 60 mph in terms of ISO exposure minutes

compared to the baseline system. However, with this increased rough-

ness an 180 minute ISO ride quality criteria is met at 60 mph operation

of the large vehicle.

The parametric studies showed that vertical ride quality

improvement may be obtained by:

(1) Reduction of joint offset from 1/4 to 1/8 inch to yield

an increase in ride quality by a factor of 1.4 at 30 mph and 60 mph

in terms of the ISO exposure limit in minutes at a cost of $0.83 per

foot

.

(2) Installation of ceramic strips to eliminate joint off-

set and reduce camber from 1/2 inch to 1/4 inch to yield an improvement

in ride quality by a factor of 1.7 at 30 mph and 1.6 at 60 mph at a

cost of $22 per foot which is 10% of the total structure cost.

5-6



Reduction of angular offset in the vertical plane did not

lead to a significant increase in ride quality.

In conclusion, this study has shown that the use of multiple

span guideways for GRT systems results in cost effective structures for

which ride quality is determined primarily by construction tolerances

*
and is relatively insensitive to structural properties. For the large

GRT vehicle these types of guideways can be constructed for approximately

$lm per mile and provide a ride quality nearly equivalent to a 55 minute

ISO exposure at 60 mph. The small GRT guideway can be constructed

for approximately $800,000 per mile and provides a ride quality equal

to a 90 minute ISO exposure at 60 mph. The ride quality in these systems

can be improved by reducing construction generated irregularities or

by improving vehicle suspension characteristics. For vertical motion

a reduction in suspension natural frequency from 1.0 to 0.75 hertz

or the use of a ceramic overlay on the guideway yielded factors of

1.5 in ride quality improvement in terms of ISO exposure. Thus changes

in both vehicle characteristics and guideway characteristics may have

significant influences on ride quality.

Finally, it is noted that the methodology developed in this

study for establishing cost-ride quality tradeoffs in GRT systems can

be used to establish these tradeoffs for other types of vehicle-guide-

way systems.

The main structural constraint in beam design is represented by the end-

to-end parked vehicle stress condition.
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APPENDIX A

SUMMARY OF STRUCTURAL DESIGN CALCULATIONS

FOR SMALL GUIDEWAY
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J'

IS^lo^se-^ -= c?,gip 14«> ooo p^L.

(vv\A.Xv

Pp (^V'Ad.K., ^\UaX) cP.153)*- 160; 2 ‘liM

A-

2
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ppi-> irrrT ^ u i Dguj ^

^tjH.igCT ^op^ott-.«eL

COMP. L.t,. CHECK

SHEET NO.4^f
DATE 2 ' harg-W 19_IL7

CONT. NO 2 7^1' Z<0 ca

^14-“ (fna'O

0

fe

"S^4^LL QutpevMA*^ <^eos^ scsTioU

t i" ^ 'Xt=>”

' 3^^^vou-ixi^ At^j^ r; 12.^

(MouA^ujt (vAc.fV‘^ -



PROJECT. VJ 1 T5

SUBJECT ppor4c<:i *^pA><-C

COMP. L. e CHECK.

lop “plA-b 'S''^n,s4-

V " 2. '==^IQ

‘5*^4

!lb-'

lS,^ZO>H

me.

I\2x.t? i-

Zit'/i* 3 2 k I r

42x 7 '=

a«2.4-x5 -

c 22.90

Are*.

5^0
•31

2^4-
•24-0

W 2<i

ACC. NO.

,

SHEET N0.4£2.0F

DATE. «3-7 »Q

D>-^4 .

3^.9

^0.67

3-5

Ho

34-22.5 r

CONT. NO 2 7*? I .

AA

181. ^

1021

4 560
25, 330. H

13. So"

hAoHCvcV ^ IvtQrf >

"Toip ^iIa,^

Top *

^lAe WA-Us

Xx^ |>2K.5^ +
2x '/34. X 32 X 4-

Xl X 4.2 X ']^ +

5LX /a X 5x 24^ +

C

96o( n.o ) c 1144.7 '* 47,7 €.o

3ZC S.n ^’*'
: /.6 + 2, 13 4

ai4^ 11.0 T ' 1200.5' -t i«4, i3W
2.4o( 3-5 r 11,520.0 4- 2,1 Wo

’s:i=

Sb =

4-b -

Il2,3gc^

2.2.92?

IM,2t4

nzi.

r SS7Z

= 12..^^

tr, H2,8S?~
.Vo

-- "

-t £ r
3572.
M V4 7.4=.('

Wci^Ui ^ “
1124,

lAA
X o. »S r I. n

K\’ |a pi V^<g coe-v^

loo' 1. »7 X \00 = 1 1? r ^&.5

ed *Sp<2u. (. j7 X €o c 13.6.*^ - 4^.-6

(^d J . 17 ^ 6o c 7o.;l’^ r 3 5.1
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PROJ ECT ACC ^ > PtfTW

RiiB igcT Pf ‘^paj^<s.

COMP. L . iS” CHECK.

ACC. NO
SHEET N0. 4oI qf

DATE 'Z'^ 19X^
CONT. 'USO

H V/ciA-i

tsVVw

”^1
(3 Va.^ L0e.'(^W'1' — \,O^OOC^ t>r r<^iL^ CX'it.V<_

TKT^C. Live. LoiU> Motngyp E*C7V.CTlOU$

V'ro IM. La U ltf^>CXAi iStj/WcL*^ ^ ^ J
4- LO<A-S (C^A f45../1 v*>»—' “{-IaA..^-

c, live. Lo^lA u^dLi' -lao u.
<^

CPW«-^V/«-^ 'S-V'TUdA wta-I

|py CAa^j^. (X> o<^ *Spa.ui^

i_l M .u' iVj 1^' 14 n' jl'l iz' \iY i'»'l
'^' hi ^

rTTi
R: is

Hxzs« £.- 2o'
L ~ <00'

f

U = fto'

U = v«

C^QX. P06. L.C Movm C£ '^pAu-

I— = 'OO*

L- 60’

!)‘?x‘?d - 5(i*‘5^ - ‘©(i^+io+ws) =• 2>H2.6>

^1 = 25k 4o - ^(’t.'?') - les(^ls:t^o^ r 5H2.^

Mr 2oK 2o - 5(^l-5+2«.s) - lo(>i‘'^ r 2?£?0

IK_

IK.

10^ no ih-k..

^,*510 in — ic-

3 ^00 in - K-

1-^OixAaIAx:\ isr Ma-X. ^UcAt < Qedd

C Locairtf s?'/tr 'iio

\ ' '

'

L " loo'
5^21,14
loO

=

•'2.
60 X 6 *^ - 31.

l~ - 60 A
<J.o

23.7*^
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PROJECT

SUBJECT i V'A,PW ^v>
^

r 4 -g-dk ^ p<3t U-

^

ACC. NO.

.

COMP. _Lj^ CHECK.

SHEET NO. 4o4of
DATE *PCC. IsT^

CONT. NO._Zjai._2££.

loo

(Mdl = >ftK I.i7x loo^A. SSO

Ujptfu-4-^i; :Lk 'L-O < g. v-TP - 0 , 375 **/

(M pATA_^<J- :• /e; 0-3]*? X tooV 12_ = 'o^'Z.'S
'"*

S.N^= ic5jno+ n, s-To +- 5-4, z-S" r 33, 2SS

^DU= '/a^i-'7^'oo -

0. z '/i >* C5,3-J5 X too r If.t)'^

37,5-h9‘S*S+lt.t= I i

4.8>'^

2.-0 7v A->/d . -4u.<c,l. l»rf 4$ ^

'

p*"
I »v\iH

^\yau.\, <s r '22.5 - 3,<p :

3^, 29 5
H -t 7.6,1

351

Tt^ ”
'/^ 4* 54rAi«J-^ P% 4-4x 34-.+S - l\'2.<i,’*~

-sVr<SkS5^^ ]3rti4reft£. (fP^)

(|36,(i-i) __

)

^ \\XL * Xt6t 5b

l^t

1C,

>- o.H'i

a

4- 3-446

i gAj <.,fc, ^tb ^xU'V.6x'\ 1a.aJ2^ 5

JHe. Eo4

"Dt. litfx
I7.5S&

3fc>
4-

1 , 22s

33.2*% S-
t- 2.330

5i>

- 2.i>47

~ 3.S&3
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PBO IF^T 'f5v\>-UL. ACC. NO.

giiRiFCT *>0<a.iA_A. 465

COMP. L& CHECK.

SHEET NO
oATg 2.7 ‘De.^. i9_74

CONT. f>Xe»eS

ie>C> <!!lowwC,i<L

rtSS

Co kA-Uvvj*-4^

(ii,)^-(- ^~T t» 4-a4>

A4 -4r<3L^ti>^»- ~ o.^6& + 1.22& + ^p4©

(DC fc^lt OuJj^ 4 4. I'bo
— 7.0 47 <2.4 Ok. .

Afjtr -{rxiA&Lr *Top ~ o-SI^ + ^7.20 h

(DL ^>©4- -t- 3.S^<.

—

Z.OHl + h4H^ <2.0 ojt.

Ml T»(> - O-H^i -f 7.^30 l-s^z <1.0 o.J«-

+ ^.H^i> — — 0.387 < 0.M2.4 6^

4^"''/i.«^ vwi44pd-ti- G €. r li.o

E.Io'D ‘^C'C^T'IoO

ee^ i -it o ' 2,6.-^"

E^vvJL *S'^nrc-^»5cS ^

P'=r I»24p^

_ ‘'24.67.

-

\\2(, -t

1.060
!,44-?

o. o
- 2.4»47 > 2.0

S ev,.^ ^ U)e.lJL ^ Wol^ ©bM. s4rc-»i Ub_tfO«^u» ^ lAlt.

e c
.ev.Jk

6.60 -1.00^ ^i> l o *

pp il-i-4»
TCbl”

CWe.6'^ <-w4 ^ -1+<ua.4 (<-r“ C p"-- 44k 2t.77- r 1330. 'b'^

I12.C.

~
'

— O.-TO*?
‘^‘+

I. I&lM-2-SC./
”

+ 0.47 2.

+ c 2.4 au.
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PROJECT.

SUBJECT _ ^
COMP. CHECK-

ACC. NO _I

SHEET NO AOfepF

riATF il IsJL^

CONT. NO ^7^ I - VOO

\0(g 'P<JUA —

oa i Vt/v<aL^g> ^l^^UTgL-i

R’^5<>D -V (.i,T(^(opio)J ^

o.

7(^

f
- ba

:^'|o

4hq a o» V^ ^

A_ o .g,o.c^<<lix:L-;o
^ ^ 7S^r,<i-5

O^a - A7 ^ 0- ^.4 -P4^V-

^^y°7<=
ic.

(Mu ^th. ^ ^=5^ 0-^0
'*^

> (Mul r 52, 07 (2

,''

I p / '

ULJL^vtM.. ^OA>aL

Mo^«, • ^o M.<-4La. io (J^UeeJL fcs-^

"H^. ^\/4orV<,r
‘ ^ —H-«U. “Sxa^uj-C-

^o<fCcLejL
_ (^*W Ua-c^t \t-s
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PROJECT

SUBJECT.

t EStgryU As~f

pparf,r./4

a

COMP. CHECK.

\od :>p»u. — (CH^u-V^.

C-^tn l^tre s O t i H.C '2.

ACC. NO
SHEET NO. AO’^OF

DATE ^7 isl^

CONT. NO._2l2fJL.2:2i?

Coo«>pAO-J'5 .‘ Zr £r^- 4,»<io^ ^<4.- ' 1 ° '

P"''=

^ r 2«>

Ito-y.felr 0 30 . 3 K l-Fl

e r 7.(il ^(2.r P"^x= 7-i.l ~ lo^ IH

s< I. n

X

loo'^x nz6

S* S.fcxjo^x

^ tAJ L^
idk, ~^L~ T^o K r- _

"^ 44- el. 3 . 4>xIc) 5 x
“

(ia.»4"iA.\ •» Cf'L.'i— ^'7^ “ "2 > 4*^

f^'\A.jj2. dt»~\^ ^..tr 5- 3:. 4-4"= '2»7*t ^

A Du Pfl-rA^xl r X ^,7^ r l.'^-l” V

3.71 ;

^ CAH^enz. ("u^rt cx.'^ - 2.7^- l.zl c

^ tOAi, 1-11 -n

l.^&” t



PROJECT 9M ^ t-(- i_» 1 o e v/v>

SUBJECT ppor4-<^d?

ACC. NO.

.

SHEET NO.4 l'2. OF

DATE Dec. 1©_2^

CONT. NO. ^71/ / Z<JOCOMP. L, £ . CHECK.

3UCT CJt
,

P^'rgt.pe.V LOdtll

l-^T<3«_^eA- ^ "^>00)0 C.. \ . P.

j-t? r Cr I •!-<., Tt is. ^u. B — <^-e v»«r*_(

Z-OW^J^a. I f^rc^ z IaJ I- j- lo^GOd / t>

W"' t>w -^tcA. c>v4 T OL't^jeu. ^^uaJL
^ ° I l**~C '0o-caY>^4 L. jjyy (3

''

- 7 2'-o"— o-fe"3 = io.<s|4
^Arr-

r-. to^ . f -ififfi
^ lo . 5 V-

^*-^''' U,A^'^ L_V

uu-*."J^rv«- (jO<a-JL

^CL'T«».pei~

-\-Ljl. l^La-Po.

<y|
-

'/ax I^r 1.^0

^*“^7 ^ "I- {/4.c«/. - s'/j.'iTIdE
D ®'17&

A^» rc<? ii. r

D l.'[£,Xf.‘v

VvS^ rV Ajtn >/ e.2.^

(ilO
CP. I lU,

o«><. it ^c-\ 2. fa

V"^i' 0L4- ^ 4'<2-

1

ti-

A1 -C> Tl^ d Vv-|- 6w U 3 - ^ -i<
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PPrtJgCT

SUBJECT ^ LlrWpL^ ^Uppor^g/^ ^
/o

lOCL. U. t

COMP. CHECK.

ACC. NO..

SHEET NO. -4>3of

DATE 3o I>«gC. iq 7^
CONT. NO. 'g-7^ /, •2.00

‘g.e\oP<i»&ccintnJ f

/\v =

\Ic r e?.oe,^c V& x- ~ S>5. 3

ISO (2.^-5) ^2.,s->r
l«o

IO0 <?
I Oe>c>

^©verkts

«V'A< (2 4.u|*porf r (•'i I (5-3,54 1
<
8 .?) +-1,4'] ^ 7 ,5-)]

-

U =

^•r\\r\C.^ ^Vjtj^r A_4- '/v 6
*-^ *> (’**-*<-

'^t)c -t ;du (2. '/^ pf '/i -5 + - 3*6
.

7

Vti. vl-aJ^c € 'Ap^- = A^i>ro<. ^0% < 37.^ r •33.‘3‘^

r \.iQ t 1.4,7 (^31.8)3 " l'2.3*7'^

\fu- '44 = 113.7- SI.Xr

iM -CAtL, 4-tV© U)<JyJ4- Acu^ic i-Arrjp;>

Ax': 7 X 2 K i?,*2,o r-

^ pit r*<- _ 2 < 40 X.yg,x 32.^X.o. 8 O __ /-

©I
i4wrru^S -

’ll.*?

Use (S'WAX. ^pdoivi^ -Hv+uou4- ^r «cll ^pou.?

00 (' 2.xs) 6e) _ . _ . ^—y*' < o.
6 0^000

(yii M. P<\j xej^A T I Oc> t r

<AooWc *4- ^irrupS ^ iS^Q.C, /jo** <9-11 A.H

&o o.ic.
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PROJECT

SUBJECT.

a
*=^0

p
por't'e^

COMP. ^ CHECK

ACC. NO
SHEET NO.^J^OF.

HATF Dg^ 19_JC»

CONT. NO <• 2,00

d«C>K<v/g>^'rit>UAU »KJ ^^OjC__^g^>CS»J S
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PROJ gCT

SUBJECT Oar\e^J.

COMP. U CHECK CONT. NO
~

2.7 ^ I

•

‘

2-00

Pterg-4

R^^cA-> QM.S
,

To-^«,\ ^cAcf

.

0<-r kVA,

loo 1

If

32?'^

6o
feo

Allouj . = 2oo p So

^pAH.
- ArcA-;^

g,x
1 4 -< I'/t

At*UL Furw\i^U«^

lOo 72. 5 . MA
^

e>o 4 < 10 X

1

4-i- 7S 6x g> 1"

L
4e>

•bt kb«AX . lAcoV<* tA.<-AUC?~

p^r ^<3W«.C.0 V E

ACC. NO.

SHEET NO.

/2
4Ji OF_

_ DATE *?><? |c> T(J

£- U^Si^gHg~g.tc. "So Hpi A. (^,'Y ^ 6 >^aII ^ iw-jp (-i.

Spasj Wo. OP

p€-r ?PA*bi

<oi3£, OP BCTkBaAJc^

4J.a4k X U^K> x-7liCc4+iAj.c

1

lc?o 4 &"x K"x r/z." 'Du'o^v^«it.^

So' 4
« i»

1 ' /
**

1C> X \ /4, (t

j

^0
1

4 <0 A S X 1 1 1
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PROJECT Z3
«;iiRiFOT s

"^ub SVri_^g,Vu V €_

COMP. L,C. CHECK

ACC. NO
SHEET NO. AiS> OF

DATE 3t? 19

CONT. NO. '2-'!^
I . rexj

9, <> KJ VAA.\ ^i) iAcujo^
-

w ppor ^ -eaC \pAWS

g> pe.i' $,4ru c-l-u > C<^r. (S. 3o% c>i^
4

p .. o,3o^/zysf

i^//

<S. So7i4,
,

= /oo' - O.oys X too (^

-

/iTV

r o,7.v - 3^
./c

J~. r <£>.02tT<&o T

-

T

C,OpS X <&>0 £-6-J r

zz"^

/<d/ (/tf /i/if (2 <S ^i>o>'A. p/sc^L. —

fOc!*^ <S /3xp/f

fC ~ /oe>^ /^rz ~ a.fOOK /<^o a-

a>,o^o X /£?<? X iL J-

fC z sp dm. - cs./od? < 8o X P-t/ - d:L'^
- c,oHo 8o < ^'4 11*^

X r ^o’ /%g J- c>./Oi> X Co X -

r C &V0i/&O XA</ r

IjU /-ore-e. (^ Ai/

)

"' "•

/. .r /oo
'

/^ -

-- - -» / />’

O.OOC X ^ X X /tfso
' V

-- /2

^ ' f*7^- ?07c /o'*-

^ = Ce>' /% - a'*-
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PROJECT M ri

RUBJECT ^upror4-g^4.

^ub6<-rw<r--4>JT€L

L.e:COMP. CHECK.

ACC. NO
SHEET NO.4j!foF

DATE 1)^e. tq

CONT. N0..2JfLLJ:BP

^ C^roop lii_ LOiwA ~6>oV . C<»(,

-"1(154+240 ^ 42.7“^ C 5>1'2.4"'^

^ 1/ (1134 4- (So+7l)^ . = 4-(C?4'"^

1-- l£?0

U= 8>o

k - ^o' r 1/ (^5 + m + -t-
- z 57''^ = 3c5a4

VJIAA \|4C.r V ^

L 9o^2.W. 2)L+ i>DC = ^1,11+ Oiig^ ' >0

U-So’

6«Jj+<^sVr. L.L.

PiiC-r C*i

D C +«,0(_

LU
C?l ^ C«-p

Lr (S,^’ Dt,+ St>C

LL
Ce\ .

<[

^ • I T + c>. "5 K CjO

55
70

(2gLoMo '~Dt;^i^»J (^-fc. r 3ooo (-^ = 00 o
?

\^^

Sb

2-02-'^

42>

4*5

».4.

\‘57'=-

r o.fiN

6p<a-H
P (Y1 A'*-c»t,

t' \

! P i f4
P%

cWo-r V

* Av

lt4'pS 1V\ «o

c
(UAi

\OG 3o5H o>oe>i
1

0 . cmT 22 .

H

15 - ^ M

e>o 'loz 4io4 2565 o.ol*? 0 .0M 5 Z if. (5.g> \^ -

Go
j

1ST
1

^<5S4- Jo 2t ^ 1 0 . 0 tA-

;

o.oMe> 2.31^
i

i

16.3 11
w ii||

LX*^ '**’4. ^ ^ \^T oJS. 6olu»^u.^
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PROJECT ^ Ufntrey

«;UBJECT '^aa,uX «;i-IFET NO 42^c)F
b •»W vj

,

r r r

OATE 3 vlaxX , to 77
COMP L t . CHECK CONT. NO. 1 - XOO

PoofiKiCt o

lOCP

^ •
txJe^U,+ ; 16^ 5^6 2 X 0.1 50 • 2x0,12.^ r

A-l^^<e«^llS *5^- n|

f--
,i'i

iri

25y-+ ^7 =r S2fc'^ Mt -

7ZC
4. _4o4 .

1^8 n 1

'l,55t i ^.70 r ^ S-

zo. <5T3

fc.JTr

Z.SL

M<,V prtie, - 4-.5T. - O.S4 = “i. f

s-

1

< I

-.*-

1^' Tr

3‘
i--5 1

(Mf '/zti “SH.\*Y^ 4-

3.

1

1

"7 «(t. ^fowitficxJL1T
'*5

n&

^r^'JL: ,~T^ r 'i.i‘^>^Jrji- as’- T*U4L

<L .-

i-Tixn
Me - '/x^ 2.5\- 12.

l^’ip
— <o.ee *

eu^»-*Y'S

g>o^ -*=3 p^>-<A

'Tr^ I 4- X 7 ><• 2. P

A - 14 x7 = ^

k.

Hr X03-+ 57,.-

'
2.<^_ ^ ^Z5

>- 7 t)t i.\
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7&

1

A2i,

.

,

cli^c
2 lie

4

1

.
/<

r

1 4»<.^

^*I-X>|

(S’.'S^

LOe^^lJr -
1 4.x 7

1

2 X 0 ‘ 1 4 2x0.1 "

5.®^
” Si k-

= /i^lxN^z 22.^

7c

» y^x I 4X 7 ~ n 4

A>. — '*<-

Mj-- 30.5^ Mur .^7“"

'^1
i-i.HO-t 1

. 07 ,-
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^re^r ^.£>7-o,S*7 :- 4 5^ f

M^r /i/ 4-5?xS-.4^^- 72.1*yC4-

/^ ^ 7 '= l3.6r;H^‘To-i*e M - Ip fcal.i;.

AU o-H«-t-v **-'**-1^ ^ S^iX

race/
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PROJECT,
cimtFfT ‘^u^l|?or4

^fc. *>Vr^^U>r

COMP. L.g CHECK.

ACC. NO
SHEET NO 4^ I OF

DATE. isUZ

CONT. NO. "L-OO

^tgR, 'OcZ'^k)

Gti

o.s^
^

I ix T < 1 .- 12-A
-f ^2.AOaS& T- 2 *.o.l7<rj r

A ixx-^r 4x7<l'i^r ld*5 /lx 7S
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•Bl I
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r ^ ^

' H-lSfJ
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1 1

II Tr
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Mj ^ '/v»t 4.0x 4.7^\-

}
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_
(Jj^ 7—* to Sef TtAu,*.!/

S<s ii,-'

(<w I L,1C. 5 JC2. V;i--7 .-

14-X7 X. 2. > V>1
6<?’ IXx 7 X S_ X V?-'7 =“

iZgioffegt-tO^

L = too' U=

: if-*lOK * lo33
I

|i-'‘-ioi^ iH**4.1>o3 ?

BofTwtrti' 14 - * 5 r 13*f <£ -

T^ Uxj
I

S - * ^ X Up’ >•

T^pTW 14 - * s x€*

|3H

1 3^

IH3^

io'X.

10^

\OSi

161*

L = Go

'

7-*‘(oxcz.'<tH.io>

I
' ^ 5 » 1

1.'
1

1

IX - 4 s^T

362.

€6
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PROJECT
gimiiTfT

p p
g.riC 5i

COMP. *-£ CHECK_

ACC. NO. //
SHEET NO. OF
HATE 3 19H7
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SUMMARY DESIGN COST CALCULATIONS
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DESIGN 1 SUMMARY

Large Guideway, Simply Supported AASHTO I-Beams

;l

DIV. ITEM DESCRIPTION LABOR
;
MATERIAL HAULK'IG

|

ERECTION i| TOTAL

? 1.1

3

60' SPAN COST PER L.F.

Earthwork

: .1 I

1 02
;

'

'1
1

I'lo' 1

1

1

1
1'

j

1

' '

^ i !

1

2ll2 .

4 Concrete Footing 5 91
1

8 63,
1

!
i

! -

14:54 4

3 Cone. Pier 5 77
\

9 98
;

'
;'

1
,

IS 75 ',

Cone. Cop 3 32:
1

2 71 1

'

i

'

'

6: 03 ,

, Beam Girdeis 25 55 39 74
'

6 12 7 19'
1 78 60 ,

It Diophroms 5 55 4 65 1 i

1

1 10 20 .

i Upper Section 41 51 ! 28 13
' 9 69

i
17 10 96 43

10 Joint Sealer 0 28' V26l i

:;-i

1 .1 1

1 54'i"

1

1

Elost. Bearings 0 15,
!

3 03',

'

'f r

'

1

3 18 1.

-.i- Anchorage 3 53. , 1 29; 1
1

: i'
4 82

'3 SUB-TOTAL 92 59
,

100 52 15 81
,

24 29 233 21 1.

1 4

1.2 80' SPAN COST PER L.F.

t

1

'
1

'

'

! 1

•

\'t

.. Earthwork 0 93 1 02 '

1
. li

1 95 "

Cone. Footing 5 15
'

7 65 .

;

12 80 "

1 Cone . Pier 5 14 8 91 14 05

Cone. Cap 2 63 2 17
1

4 80 l:

. J Beam Girders 34 51 57 20'
i 10 95' 9 09 ^]J.LZ5 -

. 1 Diaphrams 6 07:
;

5 09
1

1

'
i

11 16

rr Upper Section 41 51
1

28 13':
1

9 69:
!

17 10
;

96 43'/

joint Sealet 0 21
1

1 Oil!
1

1

'

i;

’

' ;i

'

1 1 22 .

24 Elast. Bearings 0 14!'
, 2 84:! :

1
2 98 •

J3 Anchorage 3 53 I

1'29'
'

!!

'
'

1

_ A 82

2b SUB-TOTAL 99 82
1

115 31
1

;
,

20 64
;

26 19 261 96

li

i-6 1.3 100' SPAN COST PER L.F. 1

;

i

,

1

;

1

i

’

i

i
1

!j

’

’!

i !

1

:
;

i-

; it 1

t

\

'"i Eorthwork 0 83
'

' 091''
1

i
i: .

1 74 f

30 Cong, Footing 5 08: 1 '....3,7X1 . 12 79 '

31 Cone. Pier 4 80,, i
: 8 83'

:

'

'

1
j

i 13 63 '

3? Cone. Cap , , 2 22 ,'

1

'

1,86; :

'
1 ii

’

i
l|

'

|i

I

' 4 08 J

33 Beam Girders 43 59 !

;

74 17'i
1

,
1

:

15'68. ' 11|98!;
; :

145 42 .

34 Diaphrams 6 85 5 73''
j

1
1'

'

; ii
1

!

1

' 12'58 .

35 Upper Section 1 41 51 ;

;
28 13.' !

M

17. 10'' 96 43

Jb Joint Sealer 0 17
i

1,13'
'

. T
' •

•!

1 1
|l

i

:

ii
, 1 30 ;

3. Elast. Bearings
'

014:
1

2 73
!

li

:

'

2 87,;:

3d Anchorage 3'53. T 29
;

:
1

II !
!

' 4 82

Jd
1 08 72 . 132 49 25 37; 29 08,.

l:

295 66

4U

'

1

•1 ' 1
:

i 1

;

jl
1
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DESIGN 2 SUMMARY

Large Guideway, Simply Supported Vertical Box Beams

;i

DIV. ITEM DESCRIPTION, LABOR '

^MATERIAL i:

1 1
1'

HAULING ERECTION '

i ,
:: 1 ,

.

TOTAL

. 2.1
i

’

60' SPAN COST PER”L.F.
1

1

!

-1 i|

1

'

!

'! i M II
i

i'

i

1 1

!
1

1

J Earthwork L09
j

1 T17:, 1
! 1:1 '

'i
i

1
2 26.|J

\ Cone. Footing '

^ 5 27.1
j

1
7, 40' 1 i 1

1

!i

=

'
1

1 12 67M
- Cone. Pier 6 961'

1

' 11177.1 1 ; -
:

i:
,

'

' 1b!73 -.1

b Cone. Cop 2 67 2 25 1 1 .
1

_

1

! 4 92 u

; - P . C . Box Seetion 76 72
' ,

‘ 36 02 112 74 (

8 Hauling
j

12 64
,

’

12 64 #

'i Erection
i

. 1

! 1

20 18'i 20 18.

'0 Joint Sealer 0 28 1

:

1‘26::
j

1’54'Tu

1

1

Elost. Bearings O 04
j

,
;

o
'

80
; 1 ;

’

'

' 0 84 1

1? 7/8" Railings 19 47
:

ll'45i
•

'

1
1

30 92 1

1

J

SUB-TOTAL 112 50 72 12 12 64 20 18 217 44 1

u

2.2 80‘ SPAN COST PER L.F.

.

1

1
'

1

1
i

i

• 1-,

lb Earthwork 0 93 1 02 r 95 1 .

1

-• Cone. Footing 4 65 6 69
‘

11 34 ./

u Cone. Pier 6 26 10 58 16 84 1.

Cone. Cop 2 09
: 1 81.: 3 90 1

2b P . C . Box Seetion 79 55 . 44 52 124 07

21 . Hauling
r

i

‘

'i
1

13 78,
1

; '

1

13 78 .

U Ereetion
,

:

i
1 :! 1

,

1

1 21 68il !
21i68 .

rs Joint Sealer 0 28
:

i,26i'
1

1 . 1

!

1

1 !

'

Il
:

II
:

1 1,54.

M Elast. Bearings 0 05
,

i;05:i
;

1 1 10

25 7/8" Railings _ 19 47 ’

11
45'' 1*

1
i

, ,. .3Q ?2 -

2b SUB-TOTAL 113 28 78 38:
1

' 13-78
; : 2168;: 227 12

2.3 100' SPAN COST PER L.F.
1

1

i'

1 , .1
li

'

i;

1

2i Earthwork 0 87 !

,

0 96' H '

|i

11 83 -

3u Cone . Footing i, ,

4 42 ; i

6:48',!
|i

10 90 ^

jl Cone. Pier ^
'

5 86
1'

1
10:4311 i

!
: 1

'

1
1' Il

:

: 16 29 ^

J? • Cone. Cap
j

1 '74 ;i
* i;53il

!
i

i 1
1 I; :

1 3 27 ,

J

J3 P . C . Box Seetion 83 33
;

55.86,i 1
' ;139:i9 1

3^ 1 Hauling
|

, i

1 i| ! 1

15'04|!
1

1

!;

I|

' 15 04 J

35 . Erection ,
!

'i
!

1'
1

i

:‘
!

: 24 18,; : 24|l8

3b Joint Sealer 0 17'
' M4'

:
;

i i

;

i>

,
L31

3?

'

Elast. Bearings 0 07 ’ 1,30:;
i M il

, li37

3o 7/8" Railings 19 47 : 11.45:
li

'

30'92 .

3b ‘ SUB-TOTAL 115 93
'

89 15. 15 04 '-24 18li '244 30 i

4U

1
;

1

: 1
'

1

'

11

'

|i
i

.1

1

B-3



DESIGN 3A SUMMARY

Large Guideway, Simply Supported Sloping Box Beams

DIV ITEM DESCRIPTION U30R
!

'1

MATERIAL ^ HAULING 1

1 i 1
ii

, 1 !
11

ERECTION ;

1 ,
1 1

TOTAL
'

j

/ 3A.1 60' SPAN - COST PER L.F.
: :

,

1

|i
: I ;

i II 1

1

:

1

1 Earthwork V 09
'

I

lil7'
1 1

1 i

’

!

' '1 1 i i I

2 261

1 Concrete Footing 5 27; ' 7 40,
! ’ll 1

;
1

;

\

;

1 12A7
b Concrete Pier t

_

6,96; ,
.

1

. 11.77;
1

'

;

'

1

I
; j-

I
li.

’

: 18173,

0 . Concrete Cap 2 01 1 72
,

;

3173

/ P . C . Box Section 31 25 ' 54 69 ', 1

'

85 94

tl Hauling !

;

12 98 12 98

‘J Erection ;i

‘

i
, 21 66 21 66

<u Joint Sealer ' ' 0 28 - C. J:27:.
' ' '

;
! ’

'

1 55

Elast. Bearings 0 04 0 80
. .

0 84.

li 7/8" Railings 19 47 ^

,

1145 '

1
'

! il
.

30.92.

' SUB-TOTAL 66 37 90 27 12 98 21 66 191 28

u

'S 3A.2 80' SPAN - COST PER L.F.
1 !

,

|.

Earthwork 0 93
.

1 02
; 1

1
i 1 95

Concrete Footing 4 65 6 69^
,

'
!

11 34

Concrete Pier 6 26 10 58 16 84

Concrete Cap 1 58 1 36
i

,
2 94

.'•J P . C . Box Section 34'05
, 63 26;l

i
'1 97 31

.’1 Hauling
,i

1 i ii
;

14 22 ;
i

1
i

1

14 22

U • Erection !

!

i 1

1
•

1

!
• '

i

21-66
j

! 21 66

:j • Joint Sealer 0 21
i

101,1 '

' 1

'i

1

'!

I

!
1 ii

> ,
1 22

Elast. Bearings 0 05 1 05
1

i

1 1

'

'

1 r ! 1 10

.5 7’/8" Railings 19 47 'll 45

'

1
1

1 .1
•

!
! . 30 92

3b SUB-TOTAL 67 20 96 42
1

14 22 . 21 66 199 50

t8 3A.3 100' SPAN - COST PER L.F. .1
’

' Il

'

I
T“' I

1

;

: j
i 1

i
I

'

39 Earthwork 0 87 I 0 96, ;

i' i

. i 1

T 83

30 Concrete Footing
1

1 4'42 '

_i 6 48' 1 I
1

... 1 L
31 Concrete Pier .

1
;

5'86'i
1

1
1043

'

i

’

1 i!

1

i
1

i|

: !

....

1

1

16 29

3 3 • Concrete Cap 'j ! 1 32':
:

1|14'
i

1
!

;
2 46

33
'

P . C . Box Section 37 83 74 87 i

•1

1 1
i

il12,70
34 Hauling

1

i 1;

1
:

;
!i

! i
15 441!

1

15:44

Jb

Erection
:: i

.

Joint Sealer 0 17
'

'i— -
. i_. 1

1 14

!. _ :! .
. ,

.21 .66,; _L._. ,'21166
1 . <

1 . ,1.31
il Elast. Bearings 0 07,. l’30i '

1
1 .

1 37

3d 7/8" Railings ; 19 47. 11 45
;

'

' 30 92
39 SUB-TOTAL 70 01 107 77, 15:44 21 66

,

214 88
4U

i.

1

"

, !

1

1

'

ill:
1

B-4

I

J

!

4

I)

tl

'ill

rt I

. I.'

I

;

1

1

I'.

U

1 1

I

I

U

n

i i

3

j;



DESIGN 4A SUMMARY

Large Guideway, 6-Span Continuous Sloping Box Beams

DIV ITEM DESCRIPTION LABOR MATERIAL HAULING
1

ERECTION TOTAL
1 4A. 1 60' SPAN - COST PER L.F.

1

!
'

I

1

1 :
i 1

1

1

Earthwork 1,21.;
:

126
1

'

1
!

i

1

. 2 47 ,,

3 Cone. Footing 4 98
i 6 75

1

' '

,

!

11'73"*

t Cone. Pier 5 83
’

' 10 05. 1

1
'

1

15 : 88 "..

b Cone. Cop H95, . i - 1-60;
. 1

.
.

1

1
,3l55; '-

P. C . Box Seetion 31 44 53 35 ' 84 79
,

b

1 Hauling 12 98 ( 12 98 /

- i Ereetion 21 66
1

21 66
,

"

Joint Sealer 0 50
;

3 25,
1

1

,

3 75 1

•0 Elast. Bearing 0 57, . .. 95. .. 1 j

1
'

! 02
1 TyS" Railings 19 47

'

1 11 45
.

30 92 1 .

w

n SUB-TOTAL 65 95
1

88 66 12 98 21 66

'I

189 25 1 .

lb 4A.2 80' SPAN - COST PER L.F.

! :
1

;
i :

1

1

’
'

Earthwork 1 03 1 08
'

'

,

2 11

Cone. Footing 4 50 6 30 10 80

Ei Cone. Pier 5 17 9 02
;

14 19 .t

Cone. Cap 1 51
;

1 26
i

2 77 „

i\). P . C . Box Seetion 33,78 60 76 1-
'

' 94:54,.

l\ • Hauling
;
1422

1

' 1
;

'

14 22

27 Erection
^

I

'

1
! 21|66

'

' 21 66

: i Joint Sealer 0'47
i

4' 38

i

' '

,
!

1

1 '4 85.

Elast. Bearing
|

0 46 ' 1,29';
1

'
'

<
1 1

! i 1 75

//8" Railings 19' 47
, .. ...11

'45
! !:.

1 1
!

' :. -„.3.Q.?2..'-

2b

27 SUB-TOTAL '

:

66' 39': 95 '54 'i
i U '22

'

,

:

i

21 66
,

197 81 ...

2U

2*3 4A.3

i

100' SPAN - COST PER' L.F

‘

'1

,|

-

4 ill'
1

i

'

!

30 Earthwork 0’ 92' 0 97'' M !
i i ;

i ! F89 ..

31 Cone. Footing 4 37''
;

32,
!

1

'

1

' 10 69 ..

32 Cone. Pier 4 89^
1 ,

8 52.1
1 1

1

'

:
: 'i

!

i

1 ; 1

1341 .

33 Cone. Cap
|

1'24' !
1

1
02'' i

'!

1

i

i ,i 1

226 '

34 P . C . Box Seetion 37 29
j

i

71 '53;
1 1

li

1
:

ji 1 1 08 82 .

3S Hauling

Ereetion i

1

I
i i

:
;
15 44

1

1 ! 1

'

' 15 44 '

31
1 ! F

‘
;

:|

2166
i'

;

21 66 .

y’' Joint Sealer 0 63'
j

5 50 1

i

'

1 I: '

1

6' 13

Jd Elast. Bearings
' '

0 40'
1

1'66.,
,

1
1

!:

2 06

3!i 7/8" Railings ' 19 47 11 45
i! ;

!' ' 30 92

4U

1

SUB-TOTAL 69 21

'

'

'106 97,

!

15 44
'

21'66

jl

|l
i

213 28
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DESIGN 5 SUMMARY

Large Guideway, 3-Span Continuous Sloping Box Beams

DIV. ITEM DESCRIPTION U80R MATERIAL , HAULING ' ERECTION
|

TOTAL
I il

1
5.1 60' SPAN - COST PER.L.F;

i

'

1
I'M i

1 Ii
;

1 1 !•
:

'

1

'

. Earthwork 105
1 j

1 14
'

i i
!

il

i

1 2:19 '

1 Concrete Footing 4 69 '

;

6 28’ 1

'

1

1;
! ;

;

1
1 10^97 1

Concrete Pier 5 28
I

887 !
,: !

1

14 10 ,

Concrete Cap 2 25 ' 175.
^

i
1

i
,

i
1

4|00

P . C . Box Section 3T34 53 28
'

;

' 84*62'
b

/ Haul ing 1

1

12 98 ' 12 98 '

;

(1

Erection
i

21 66.. 21 66 „

'i

Joint Sealer 0 41 1 86
•'

1

'
.

'

1
1

2 26.,

0
Elast. Bearing 0 51 1,22,

'

’

.i
i

Il
'

i,
i;73'.

1

7"/8" Railings 19 47 ' M 1 '45
.

:
1

' 30 92 ,,

w SUB-TOTAL 64 94 85 85 , 12 98
,

21 66, 185 43 "u

\i
i ,

: i

\i
:

;

; ,
1

!
i

1 U

3 5.2 30' SPAN - COST PER L.F. .

!
'1

i

'

1

13

It) Earthwork 0 90 ’ 0 98
'

!

i

i
1 88 1-

Concrete Footing 4 24 5 89
,

j

1 10 13 u

Id Concrete Pier 4 66 8 41 13 07 n.

M Concrete Cap 1 76 1 39 3 15 lb

ru P . C . Box Section 33 84 61 08
:

j

94 92 ...

;i Hauling 14*22 '

1

’

'
i

i

: 14 22

22 Erection ' '

I 'i
!

i ;

'

!

2165.
1
21 66

n Joint Sealer 0 30'
1 49

!

1

i
'

<
i

1 79 ,

.

.’4 Elastic Bearing 0 43 1 84 '•

1

'
1

.

1
il 1

2 27

7"/8" Railings 19 47 11 45'.
,

'
'

1

'

' 30 92

?6 sub-total" 65 60
^

'

92 53. 14 22. 21 66“
1

194 01 /b

2l
" ' ; 21

i-i 5.3 100' SPAN - COST PER L.F
'

ii
1

i
1

:
'

'
'

:

; -i

'

1

!i

' '

3U Earthwork 0 79
’

0 84 i

i

;
'

;!
;

Ml
!

'

1 63 -

11 Concrete Footing
’

4 04’ 5 76 1

1 ,
;;

9 80'bi

V2 Concrete Pier
\

^

3’98 7 42 ; !

'
i ii

1
•

’

-
1

1
11 40 ,

n Concrete Cap 1 45
,

1 17
;

j
i

i

: .

Ml 1 2 62 1.

J4 P . C . Box Section 37,35 ! 7186,^
!

;
\ \

'

109 21

15 Hauling
; i

'•
,

15'44'
. I. i(_:.

' 15 44

ib Erection i

|

;

'

1

:i

'

’

i

2r66l'
;
21 66 .

1) Joint Sealer '

i 0 24'
! 1 67 :

i
!

! 1 ;

1 91

Jd Elast. Bearings 0 38! 2 29 1
;

1
1

!

!‘ '

2 67 „

7"/8" Railings 19 47
;

11 45 1

'

i’
1

' 30 92

4U SUB-TOTAL ^_70
1

102 46 ! J^44 2J_66

:

207^6

B-6



DESIGN 6 SUMMARY

Small Guideway, Simply Supporl-ed Sloping Box Beams

II
:j

DIV. ITEM DESCRIPTION LABOR ’MATERIAL ' HAULING ' ERECTION ' TOTAL

60' SPAN - COST PERl.F ;

i

i

1 l|

1 1 li

,1

'

1 'm i

i*
'

1

1

Earfhwork 0'76.i
1

0 82 ;;
1

;

li
1

'
>

i

i
1

1 'S8 '

Concrete Footing
'

4:i2 1

!

5 47' i

‘ 1

'

:1 I

, 1 1

' 9 ;59 j

Concrete Pier
i

: 5 26
1

8 97 ’1

! ;

1
,1 !

14 23 ,

Concrete Cop
1

1 1 47 1 1 24 : .

' '
’

'
1

'

:|
i 2 71 .

P . C . Box Section 22 92
,

'

41 38 '

ii
i

' !!' r
' 64 30

' »

Hauling i
1

1

9 64'
;

9 64 , ,

Erection
,

17 11 17 11 i

Joint Sealer 0 23
j

1 04 ' 1 27 .

,

Elast. Bearings ' 0 03 ' 0 64i!
;

! 0 67

7"/8" Cone. Railings 14 77 r
j

6 86 '

1
21 63 n

SUB-TOTAL .66 42 ^64'' ]7'11 J42^
13

N 6.2 80' SPAN - COST PER L.F. i

i
'

'

1

1 i i

'
i

lb Earthwork 0 67 i : 0 79
’

i

!

'
1

1 46

•b Concrete Footing 3 83 I 5 31 '
’

9 14

\l Concrete Pier 3 61
i

6 41 10 02

\A Concrete Cap 1 15 0 98 2 13

It P . C . Box Section 25 13
1

48 00 1

'

1 73 13

70 Hauling 1

; ^
10 56

r - 1--
:

1 0 56

/I Erection '

, t
^

!

"^'
1

,

•

1

1
;

1

1741
!

1

17 11

22 : Joint Sealer 0 17';
j

: 0 83:; :

:

"
1

.

1 00

ii Elast. Bearings
j

0 04 i 0 75
;i

'

i
;1

]

1 . 0 79

li
7"/8" Cone. Railings 14 77

,

'

:
6 86

1
1

'
1 21 63

25
SUB-TOTAL 42JJ7_, 1

ILll 146 97
— _ .. . ......

j.

— •
1

- -1 * —

2! 6.3 100' SPAN - COST PER L.F
1 ,1 ,

i \'.
!

i

i'

i

;
1

'

:
1

'

29 Earthwork 0 651
1

0 77 II

1

!

'! i
'

!

!

1 42

29 Concrete Footing 4 01
; j

5 81 ,! !

:
i

ii i

' 9 82

JQ Concrete Pier 4 17, 7 22
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1
j

1
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1
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'
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i
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j
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i
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1

i

,

1 1 78
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1 !i 1 1 1 83 21
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1

1
1
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1

!
Ili46i|

;

i
! 1

,1146
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1

'

'
1'
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:

j

1

1711
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'

i
i

1 1

1
;
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'
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;

! 1

'
1

1
:
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1
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!
1

1
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;
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;

11 46 iuji =y=U5
3b :

i

1
:

I

'' '

1
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; 1

1

'

i
;

:

''
1

1
1
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DESIGN 7 SUMMARY

Small Guideway, 6- Span Continuous Sloping Box Beams

DIV. ITEMDESCRIPTION LABOR ' MATERIAL HAULING
,
ERECTION '| TOTAL

1 7.1 60' SPAN - COST PER L.F.
.

'
1

1

1
1

1
'1

i
•

i
i i

1 !i : l^'f
'

1

7 Earfhwork 0 98i '

i
104/

1

'

1 H 1 1

'1
,

1 2 02 i i

i
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1
;
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1

;i
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j
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1

!

!
^

1

1
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!

1
1

'I
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c
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'

63 50'
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.
1
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n

'
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1
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1
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'
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'
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J|
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1
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•

1
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1 !

,
1

1

, : 1

.

1

1

J
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!

: J

174. li

lb Concrete Footing 3 93 5 42 i: 9 35 K

. Concrete Pier 4 56
;
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!
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u Concrete Cap 1 00 0 84
'

1 84 U
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Hauling 1 ,

,

10 56 10 56 /(•

?1 Erection
'

i
'

i !

' 17 11
1
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!

1 ; 3 88 2
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1
:
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;
II

1
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7"/8" Railing 14 77 6 86 21 63
^ ,
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2

1
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1
j

1
1

i

:
i

'!

1

: /

1

7.3 100' SPAN - COST PER L.F !

,

1

'

^

1
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’
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i

, ;
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'
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;
8 93
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:

1

;'

'
'
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1

0,70
1

^ r ii

'
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1

j

1 52 il
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;

53 68 1

1
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i
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j

81 25 J
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i 1
! li

:

1'

1 Ii

I
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' .

Jl Erection
" ' 1
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1

1
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1

'
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’
! 1 .

!. . . J i... .

.
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:
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:
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'
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I
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'

80 83 1 1 46
,
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,

j
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; 1

‘ i
i

',

1

:

1

1
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APPENDIX C

VEHICLE-GUIDEWAY MODEL DESCRIPTION

C. I Guideway Representation

The general guideway configuration is shown in Figure C.I.

A guideway span of length is supported at its ends by rigid piers.

The guideway spans under study have a large enough length to width

ratio to be considered beams. If the guideway is a multispan (semi-

continuous) type, reinforcing strands of steel are run between the

adjoining ends of the beams to provide continuity, as shown in Figure

C.2. Given the same cross-section, multispan guideway have less

deflection than a single span guideway for a given load because the

inter-span connection allows the transfer of moments from one span

to another.

The guideway presents two different types of disturbances

to the vehicle. The first type of input is due to the static pro-

file of the guideway and is represented by construction induced irregu-

larities as described in Section 2. The second type of guideway input

is due to vehicle induced deflections of the guideway. Vehicle verti-

cal forces on the guideway are due to the vehicle weight, whereas

lateral forces are caused by the bias inherent in the steering con-

troller. Because of the small magnitudes of the lateral forces, the

guidewall is assumed not to deflect as the vehicle passes. Vertical

guideway deflections are significant and depend on guideway span stif-

fness and end conditions and also on the vehicle velocity and spacing.
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FIGURE C.l : GENERAL ELEVATED GUIDEWAY CONFIGURATION

FIGURE C.2: MULTISPAN REINFORCING STRANDS



Therefore guideway inputs to the vehicle in the vertical

plane are derived from two sources, guideway surface irregularities

and guideway dynamic deflections. The total vertical input to the

vehicle is therefore;

>'d

where

:

y^.
= total vertical guideway shape

y^
= vertical static guideway shape

y^
= vertical deflection guideway shape

The lateral input to the vehicle is only due to the static

lateral profile Z .

s

Modeling of Dynamic Deflection

Modal analysis techniques are adopted to compute the dynamic

motion of the guideway spans. The guideway span is modeled using the

Bernoulli-Euler beam theory. The beam deflection which is a function

of time and position along the beam, is expressed as a summation of

the natural modes of vibration. Therefore,

00

y(x,t) = Z A (t) <j) (x) (C.2)
m—1 m m

where the (p (s)'s are mode shapes determined from the beam end condi-
m

tions and the unforced Bernoulli-Euler beam equation and the A (t)'s
m

are time varying functions determined from loading conditions and the

forced beam equation. To obtain exact beam deflection equation (C.2)

must be summed over an infinite number of modes. For vehicle speeds
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under consideration it has been shown [7] that for a k span per beam

guideway in which the number of modes m are integer multiples of k,

the contribution for each higher set of modes to the deflection is

proportional to l/(m/k)"^. Therefore, for a single span guideway system

the contribution to the deflection of the second mode is 6.25 per cent.

The modal description of the guideway deflections is applicable to

single span and multispan guideways by using the appropriate end con-

ditions when determining the modal shapes cj)^(x).

For a single span guideway the modal shape functions are:

where

:

I
s

m

(j) (x)
m

sin
mTTX

£
s

span length

mode number

(C.3)

Each modal amplitude is determined from the ordinary differential

equation

:

d^A

dt

where:

dA
+ 2C CO

m m dt

m 2
+ (jo A =

m m —T / f(x,t) (() (x)dx

(C.4)

P

f (x,t)

beam length (n£^)

beam damping ratio for m^^ mode

th
beam m mode natural frequency

beam cross sectional area

beam mass density

vehicle force distribution
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The natural frequency for a single span beam is expressed as;

where

:

(C.5)

E = beam elastic modulus

= beam cross section moment of inertia

For a multispan beam the modal shape functions are more complicated

because of the presence of interior pier supports. The beam no longer

takes the shape of a simple sine wave, but is described as:

({) (s) = a sinX x + b cosX x + c sinhX x + d coshX x (C.6)m mm mmmmmm
where the parameter X^ is defined as:

X
4

m
2

m
m (C.7)

and where, a , b , c , d are coefficients determined by boundary con-
m m m m

ditions. The boundary conditions for the internal supports of the beam

require that moment and slope are continuous across the pier, whereas

the boundary conditions at the external supports require that zero

moment develop.

Table C.l shows the first NS values of X for the multispan
m

beams determined in [7]

.

X is defined as:
m

X = X £ (C.8)
m ms

where X is calculated from equation (3.7).
m
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TABLE C.l

FIRST NS EIGENVALUES \ = \ I FOR SEMICONTINUOUS BEAMS
m ms

NUMBER OF SPANS

2 3 4 5 6

t: IT TT IT IT

3.927 3.556 3.393 3.309 3.261

4.298 3.927 3.700 3.556

4.463 4.153 3.927

4.550 4.298

4.601

TABLE C.2

NONDIMENS lONAL MODAL COEFFICIENTS OF 4> FOR
m

THREE SPAN SEMICONTINUOUS

BEAMS

Span Number Mode Number a
ms

b
ms

c
ms

d
ms

1 1 1.42 0.0 0.0 0.0

2 1.67 0.0 .038 0.0

3 1.12 0.0 .028 0.0

1 -1.42 0.0 0.0 0.0

2 2 -1.42 -.673 -.713 .673

3 1.56 1.02 -.99 1.02

1 1.41 0.0 .01 0.0

3 2 -1.53 .675 .675 -.674

3 .442 1.02 -1.02 1.02
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In order to satisfy the boundary conditions, the values of a ,m

equation (C.6), are different in each span, there-

fore it is more convenient to express d) (x) as:
m

(() (x)
m

NS

s=l P „(x )ms s
(C.9)

where

:

s = span number 1,2, 3.... NS

(p
= Individual shape function for mode m of span s, defined

ms . ,
-

r >

as zero outside of span s.

X = horizontal coordinate for span s extending over the
interval 0 < x <2.

s s

Each d) (x ) may be expressed as a function of each span's modal co-
rns s

efficients

:

d> (x ) = a sinA x + b cosA x +
ms s ms ms ms ms

c sinhA x + d coshA x
ms ms ms ms

where a , b and d are the individual span coefficients,
ms ms ms

Table C.2 shows the normalized modal coefficients for a three

span beam. To obtain a normalized function, the value of modal coeff-

icients are scaled so that:

NS

s=^l
P (x )ms s

dx = 1
s

(C.IO)

where

:

d) (x ) = normalized span shape function
ms s

The resulting first NS mode shapes are given in Figure C.3 for both

the three and six span beam.
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Nondimensional Beam Position

O)

Nondimensional Beam Position

FIGURE C. 3 : MODE SHAPES FOR MULTISPAN GUIDEWAYS
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When the guideway is forced by a string of vehicles, the span

natural frequency can be excited, depending on vehicle speed and

spacing. Under these conditions, the guideway deflections increase

considerably because the damping of beams is by nature very low

= .025).

Static Profile Representation

The profile of the guideway before it has been disturbed

by vehicle passage is determined by guideway construction practices.

The degree to which the guideway spans are aligned is determined by

the amount of effort devoted to beam manufacture and erection. Align-

ment errors that are present in the guideway surface disturb the

vehicle and decrease ride quality. Four types of irregularities are

shown in Fiugre 3.3. The magnitude of each irregularity is determined

by a design specification, which gives the maximum allowable value of

the misalignment. Because of this type of specification, precise

values of the irregularity magnitudes are not known for every span.

Therefore irregularity amplitude probability density functions (PDF)

are assumed to describe the distribution of the irregularity amplitude.

The irregularity amplitude PDF is described as either a Gaussian or

uniform distribution.

The power spectral density (PSD) describing each static irregu-

larity is formulated analytically [7]. The vertical and lateral total

irregularity description include different combinations of the four ir-

regularity types. Guideway construction procedures determine the presence

and magnitude of the particular irregularity input. Each individual ir-

C-9



regularity source is described along with a brief development of the

associated analytical PSD.

Surface Roughness

Surface roughness is due to imperfections in the concrete

mold and wear of the surface. A method of defining the surface rough-

ness in terms of a construction tolerance presents the major problem

in the development of the surface roughness PSD. In this study, the

magnitude of the surface roughness is described in terms of the mid

chord deviation of the guideway under a straight edge. A schematic

of how the mid chord deviation, 6^, is measured is shown in Figure

C.4. The output due to a sinusoidal input for this measurement device

has been calculated to be [6]:

a) (c.ii)

m

where

:

= wavenumber, rad/ ft

= chord length

y(x) = guideway profile

6 (x) = mid chord deviation
m

The assumptions that are implicit in this development are:

1) Stationary guideway profile (y(x))

2) Gaussian distribution input amplitude (y(x))

3) Stationary response (6^(x))

4) Gaussian distribution of output amplitude (6 (x))
m

As these assumptions state, the distribution of the mid chord deviation

6 , is Gaussian,
m
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Surface roughness measurements have been made on existing

concrete roadway surfaces and show the resulting PSD to have the form

[23]

S (fi) = 2

0, +
c

where:

Ssr(^)
“ single sided surface roughness PSD

0. = wavenumber

= cut-off wavenumber
c

A = guideway roughness coefficient

The cut-off wavelength is assumed equal to the span length in all cases,

because surface roughnesses are not described for a longer wavelength

than one span length.

Equation (C.12) describes the PSD input, to the measurement

device in Figure C.4. The response PSD of the measurement device is:

4
^

S^ (fi) = 4 sin ( fi) S {Q.) (C.13)
om 4 sr

Since the mid chord deviation is assumed to have a zero mean, the in-

tegral of (C.14) over Q results in the mean square of the mid chord

2
deviation a

6m

Ait

6m

Q . -L Q
r

3 . 1 c c
-(-

^ ](C.14)

Solving for the surface roughness coefficient A,

2
c

A =
a

,

6m c__ _

, 3 1 c“c -(_c_ )]
7T [

— + — e -e 2 “c
4 4

(C.15)
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Equation (C.15) is the required relationship between the construction

tolerance and the magnitude of the analytical surface roughness

PSD, A.

As a vertif ication of the above analysis, roughness profiles

with a particular value of A were numerically created. These profiles,

for various random number generation seeds, (3) are plotted in Figure

C.5. They show that the magnitude of the largest mid chord variation

is approximately 3 when is calculated by equation (C.14) and

thus verifies the analysis.

Camber Irregularity

The amplitude PDF of the camber irregularity is the only

one of the four types to have a mean value. An unloaded prestressed

beam is deflected upward due to the prestressing moment. This up-

ward deflection is defined as the mean camber. Variation of the cam-

ber magnitude about the mean value is due to variations in the pre-

stressing force and location among spans. Since the nature of the

span's prestressing is dependent on strength requirements which are

different for each particular vehicle-guideway configuration, the

mean camber magnitude varies with the vehicle-guideway configuration

also. The shape of the cambered beam is given in Figure C.6 along

with a Fourier sine series curve fit.

The PSD for a sine wave shaped camber variation is developed

in [7]

.

A similar procedure is followed to derive the analytical PSD

description for a sine series camber variation resulting in:

2

S (fi) =
c

. -IT
1

2 fT

(C.16)[A^sinO

C-13

-) + A^sinC-
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FIGURE C.5; GUIDEWAY SURFACE ROUGHNESS PROFILES
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where

:

2 2 2 b^

^1 "
^ - tt) - 3tt) - 57t)

^

2 b^ 2b 2b-
A = f

i
1

=
-I- £ 1

2 ^ + tt) + 3it) (S1£^ + 5it)

b^ = first coefficient of Fourier sine camber shape

b^ = third coefficient of Fourier sine camber shape

b^ = fifth coefficient of Fourier sine camber shape

5,^
= camber irregularity characteristic wavelength

Span Joint Misalignment

The joint misalignment irregularity represents a discontin-

uous alignment of adjacent spans in the guideway. This irregularity

is created by lack of beam height uniformity and inaccurate installation

practices. The magnitude of the irregularity is a random variable

which is described by a uniform or Gaussian PDF. The uniform dis-

tribution is used to describe the span joint offset magnitude be-

cause it is assumed that the misalignment is limited to less than a

specified maximum value, which is equal to the construction tolerance,

e^. The single sided PSD has been derived analytically in [7] as:

£. sin^(.5f^£.)

S„(2) • ^ (C.17)

where

:

S = joint offset PSD
o

= joint offset amplitude variance

= irregularity characteristic wavelength

C-16



Span Angular Alignment

Two distinct types of angular irregularities are considered.

One irregularity results from survey errors when the position at one

pier is determined by survey from the position at the previous pier.

Deviations from the desired position are relative to a datum deter-

mined during the survey at the previous pier.

Deviations in position measured relative to a fixed datum

describe the other type of angular irregularity. Instead of rede-

fining a new datum at each measurement, a fixed reference is used to

measure the survey errors. The two models for angular irregularities

described above result in different power spectral densities derived

in [7] as:

For pier reference datum:

S
rw

(fi)

2
o
rw

^2 „
TT SL .

1

sin^ (

.

(.5f2£.)^
1

(C.18)

where

:

S
^

= angular misalignment PSD

a = amplitude variance
rw

i .
= irregularity characteristic wavelength

For fixed datum:

S W
a

sin^(S^£ /2)
i

(fi£^/2)^

(C.19)
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where

:

= angular fixed datum irregularity PSD

0
^

= angular fixed datum amplitude variance

= irregularity characteristic wavelength

C . 2 Vehicle Representation

This section describes the lateral and vertical vehicle

models used to find the response of the vehicle as it traverses dif-

ferent guideway designs. Throughout the study, vehicles are assumed

to travel over equal length spans at a constant forward velocity. The

major criteria for determining system performance is the magnitude of

the accelerations transmitted to the passenger compartment due to

guideway disturbances.

Vertical Model

The rigid body vertical vehicle model is shown in Figure

3.4. The passenger compartment has a sprung mass, m^, and pitch mom-

ent of inertia, I^. The sprung mass has two degrees of freedom, pitch

and heave. The front and rear suspension system, separated by a length

£ , are assumed to be identical. Each suspension consists of an un-
3.

m
sprung mass ^ ^ secondary stiffness k^, a secondary damper b^,

and a primary stiffnes The displacement of the guideway under the

vehicles tires (y and y are the inputs to the vehicle. The accel-
"^or ^of

erations at the suspension attachment points
^2r^

passenger compartment accelerations of interest.
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In the vertical vehicle model the forces the vehicle exerts

on the guideway are assumed to be equal to the weight support by

each tire and vehicle vertical acceleration forces are neglected.

This constant force vehicle model has been evaluated in [7] and shown

to be a good representation of a vehicle when the vehicle body ac-

celerations are low as is required by ride quality. Thus the vehicle

model is excited by the guideway inputs, but only forces the guideway

through constant forces equal to the weight.

The acceleration transfer functions for this vertical model

expressed in terms of nondimensional frequency they are:

T (jw.) =
s X

*^+^35 H4 < H 2 <j“l>
^

DNM(jm^)

(C.20)

T
c

DNM(jm^)
(C.21)

DNM(jm^) =dg(jm^)' + d^(jm^)^ + dg(jd)^)^ + d3(jco.)- +

+dg(ja)^)^ + d2(jco^)^ + d^(jm^) + d^ (C.22)

where

:

T
s
(jw^) Nondimensional front (rear) acceleration trans-

fer function due to input at front (rear)
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T = Nondlmensional front (rear) acceleration trans-
^ fer function due to input at rear (front)

DNM(jto^) = Characteristic equation of vertical vehicle

0) .

.
= = Nondlmensional frequency10)

V

The coefficients in equations (C.20) to (C.22) are given in Table C.3

in terms of the pitch inertia ratio the damping ratio the un-

sprung mass ratio M and the suspension stiffness ratio K. Note that

the normalized attachment point accelerations (72 ^’ ^2r^
guide-

way inputs are expressed by:

Y2f(S) = T^Cs)

- TJS)

? ,(s) + T (s) Y (s) (C.23)
ot c or

Yof(s) + T^(S) Yor(s) (C.24)

where

:

jo)

.

" 1
s = = Nondlmensional Laplace operator

(jC

V

Y .. .(s)
of (r)

^2f (r)^®^

0)

V

Laplace transform of nondlmensional input

Laplace transform of nondlmensional passenger
compartment acceleration

Vehicle sprung natura] frequency

Figure C.7 Illustrates the magnitude of the two transfer

functions T and T . The peaks in the transfer functions are from thesc
natural frequency excitation of the sprung and unsprung masses. The

location of the peaks are functions of and the unsprung natural

frequency, which is defined as:
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TABLE C.3

VERTICAL VEHICLE TRANSFER FUNCTION COEFFICIENT

c _ = KC M [1 +
s7 V u 3

,1 o -.1
c , = K M [-^ + —^] + 4C K[M +
s6 u2 6 vu2 6

+ (2 + K)(l + -^)]

c = K[M + (1 + K) + —^)] + 4?^
s4 u 2 b V

c „ = 4K C
s3 V

= 1^2

's2

'c7

'c6
-K(M^ +

4?J)
(-1-

'c5
-KC^(2 + K)(l

= -K(l + K)(-

C-21



TABLE C.3 (cont .

)

d„ =
[ (4- +

o n Z
:^)2 _
e

^ ^2

I
1

I -.1-
~)<»u + 1“ ~r^ -

<-~r r> >

d = i [2M + 1 +
D V U J

- [4C^ + 2M (1 + K)](~
V u 2

I I

+ M, r 1 + -~] [ (1 + K) (-^ + -~) + M ]U j Z o uII. I

d^ = 2?^KM^[I + -^] - C^(I - -^) (1 + K) + 2C[2M^ + 1 + -^]

1 I

+ 5 [2M + I + —^] [ (I + K) (I + -~) + 2M ]V u 3 3 u

d
,

= KM [1 + + 4KC^[2M + I + —^] - (I + K)^(—4u3 vu 3 Zb
1 ^ 9

+ [(I + K)(-^ + —^) + M
2 D u

I

d3 = 2?^K[(2 + K)(I + -^) + 4M^]

9 9 ^
d„ = 4rK + K[(l + K)(I +-^) + 2M ]

2 V 3 u

d, = 4C
I
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K
(C.25)(j

u
0)

n

Lateral Mode l

The lateral model used is illustrated in Figure 3.7. The

vehicle is represented by a rigid body with mass ntp(m^ = m^ + m^) and

yaw inertia 1^. This model assumes that only the front axle is

steerable and that the vehicle is symmetric about its longitudinal

axis. The lateral displacement of the center of gravity, z, measured

from a reference position and the yaw angle of the vehicle centerline,

\jj, represent degrees of freedom. The vehicle has one sensor which is

located at the front axle. This sensor measures the error in the

vehicle position in relation to the guideway. The controller ad-

justs the steering angle, 6, to keep the sensor error as small as

•k

possible. In the control law, L, is physically the distance from the

*
c.g. to the sensor location. L translates a sensor error to an error

in yaw angle at the c.g., and it should be chosen as large as possible

to minimize yaw errors. However, it is Impractical to place the sensing

device in front of the vehicle’s bumper. Therefore, L in all cases

studied is set equal to the c.g. to front bumper distance. The guide-

wall surface irregularities are denoted by Z^, which is the only input

to the lateral vehicle model . The outputs of interest are the lateral errors ,

measured from the vehicle position to the guidewall profile transposed

to the guideway centerline, and accelerations at the front axle, center

of gravity and rear axle.
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The equations of motion for the lateral model are derived

in [20] for a two degree of freedom model as:

k k, k k
6 = B + (-^ - l)r + -f- + 6 (C.26)

• ^3
r= k

2
B + —^ r + k^6 (C.27)

where:

3 = vehicle sideslip angle

r = yaw rate

6 = steering angle

Figure C.8 is a schematic diagram of the model while Table C.4 defines

the lateral vehicle nomenclature.

The lateral forces on the vehicle Include the inertial forces

at the c.g. and the forces at the tire road contact. For small angles:

F = + C a (C.28)
y f f r r

where:

a = front , rear slip angle
t r

From Figure C.8 and geometry the front and rear slip angles can be

expressed as:

= 3 -a + (C.29)

cx = 3 - (C.30)
r V

and the sideslip velocity of the vehicle, z, is

z = V(3+r) (C.31)
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TABLE C.4

LATERAL VEHICLE MODEL NOMENCLATURE

aC,

aC. - bC

= (-

2 2
a C^ + b C

f r

C. + C
f r

aC^ - bC

tn„

y

a =

b =

6 =

6 =

=

r =

Front axle combined tire stiffness

Rear axle combined tire stiffness

Yaw moment of inertia

c.g. to front axle distance

c.g. to rear axle distance

Steering angle

Vehicle sideslip angle

Yaw angle

Yaw rate (\p)
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TABLE C.4 (cont.)

= Front tire slip angle

= Rear tire slip angle

Z = Lateral displacement

= Controller gain on lateral displacement

C
2

= Controller gain on yaw angle

C^ = Controller gain on lateral velocity

C^ = Controller gain on yaw rate
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aR - 6 -
y

FIGURE C.8: LATERAL VEHICLE SCHEMATIC
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Substituting equations (C.29) - (C,31) into equation (C.28) and (C,27)

leads to

z = —^ z + —^ il)
- k^i|; + k^(? (C.32)

Ic Ic

ijj
= —^ z + ^ 4) - k^i|) + k^6 (C.33)

Changing these equations into state variable matrix form:

_d_

dt

• ^5
0

^^6 .
* 1

V V
Z

z 0 1 0 0

•
z

+
0

ko ko
L

0 V
kiV V ^2

0 0 1 0 0
— L J

(C.34)

The control law in its most general form can be expressed as:

6 = C^z - C,z + C„i|; + C„z + C.iii
1 1 o z J 4

(C.35)

Incorporating this control law into equation (C.35) yields:

dt

— k
z

( V +V3^ k^Ci

z 0 1

k

'I' (kiCj + ^ ) kiCi

^ -
0 0

+

0

+

1

) (-k^+c^k^) z -^^i'

0

»
z

+
0

-) (-k^-k^c^) -k^Ci

0 0
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The transfer functions relating lateral and yaw accelerations at a point

on the vehicle to the guideway input can be found analytically from the

matrix form of equation (C,36) by:

where

:

expressed

where

:

The front

where

:

G(s) = C^(sl - (C.37)

A, B = state and control matrices given in (C.36)

G(s) = transfer function

I = identity matrix

s = Laplace operator

C = measurement matrix

The accelerations at the vehicle front and rear may be

in terms of the lateral and yaw accelerations as:

Z , - Z + a
fa

(C.38)

Z = Z + h i)

ra
(C.39)

a = c.g. to front axle distance

b = c.g, to rear axle distance

and rear tracking errors are defined as:

AZ^ = Z + a ijj - Z
fa o

(C.40)

AZ = Z + -b 4; - Z
ra o

(C.41)

^
= front (rear) axle tracking error

fa(ra)

= guideway profile input
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In this study, the following controller gains are used:

C„ = K L
2 c

Cj - = 0

A plot of roots of the denominator of the yaw and lateral

acceleration transfer functions as the overall control gain K is

varied is given in Figures C.9 and C.lO for both small and large

vehicles, with L = 7.5 ft for the small vehicle and L = 11.0 ft

for the large vehicle. From these root locus plots the value of

is chosen that gives the system the desired response. It can be seen,

for example, that when = .1 rad/foot the roots corresponding to the

yaw response have good damping, but the Z roots are unstable (in the

right half plane). Therefore a compromise must be made in order to

place both poles in an acceptable position. For both large and small

vehicles the value of K is chosen to be .3 rad/foot, because the
c

damping for both roots is acceptable throughout the range of vehicle

velocities studied.

Further modification on these choices of may be necessary

depending on the vehicle response. As is increased, it has been

shown [20] that the tracking errors of the vehicle are decreased, and

the accelerations increased. Therefore, if the accelerations of either

vehicle are unacceptable, the values of can be decreased until the

system goes unstable or the value of the tracking error becomes ex-

cessive. If the tracking errors are excessive, can be increased

until the accelerations exceed the ride comfort boundary.
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C. 3 Computation of Vehicle Acceleration

The analysis techniques used to compute ride quality are dis-

cussed below. Because inputs to the vehicle are described both stat-

istically (irregularities) and deterministically (guideway deflection

and mean camber), two different algorithms are used to determine the

total vehicle response. The basic framework of these algorithms is

presented here. More specific algorithm details are provided in the

computer programs listed in [7].

Irregularity Response

The response of a linear system forced by a stationary ran-

dom input that is described as a PSD, can be found by:

2

Sout(“) = |h((o)| S.^(m) (C.42)

where

:

H(0))

0)

Response PSD

Input PSD

Frequency response function of system

Temporal frequency

The irregularity input to the vehicle is given as a PSD

in terms of spatial frequency For a vehicle traveling at a con-

stant velocity, the spatial frequency is related to the temporal

frequency, o), by

uy = nv (C.43)
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For the vertical model, inputs force the vehicle at the front

and rear wheels. The input at the rear wheels is identical to that at
Z

the front wheels except that it has been delayed by a lag time
V

y (t +
•^r

a_

V
) = yf(t) (C.44)

Finding the frequency response relationship of equation (C.44) leads

£

-j (<|))

e (C.45)

where

:

4> = Phase angle

Therefore if the input at the front wheel is the total irregularity

input, S (o)), the input at the rear wheel, from equation (C.44) is

^f

-j<l> 2

S (w) = |e
I

S (o)) (C.46)
Yf

For the vertical response, the transfer functions, of equa-

tions (C.23) and (C.24) and equation (C.34) combine to give the response

PSD for the front wheel nondimensional accelerations.

JW + T (-

c ^ot< (C.47)

where

:

S" (cj) = Front nondimensional acceleration PSD
^2f

^tot^~^^~
Total irregularity input PSD
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A similar expression can be found to describe the vehicle rear response.

The lateral response only has one input location and thus a

phasing of inputs is not necessary. The responses at front and rear axles

are respectively:

= —^— (<jj) + a (co) (C.48)
o o

^ (w) + b (cj)

o o o

(C.49)

The response of the front axle to the PSD is found by using Equation

(C.48) in Equation (C.42):

S (m) =
fa

-^(u) + a -^((^)
I

^

o o

^ CO X

(C.50)

To evaluate the lateral and vertical response in 1/3 octave

bands, so the accelerations can be compared to the ISO spec. , the

value of the output PSD's are calculated at a number of frequencies

in each third octave band. The PSD values are integrated over the 1/3

octave band which gives the mean square acceleration response and

taking the square root defines the 1/3 octave band r.m.s. acceleration

to be compared to the ISO spec.

Deflection and Mean Camber Algorithm for the Vertical Response

By using the modal analysis outlined in C.l, the deflections

of an initially flat beam forced by a vehicle traveling over it can

be found. These deflections are summed with the initial camber shape

of the beam caused by prestressing. The resulting guideway shape repre-
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sents the path of the vehicle front wheel as it passes over the span.

Because of the vehicle's constant velocity, the time history of wheel

movement is identical to the wheel path when a change in the horizontal

axis is made from displacement to time. To find the temporal frequency

representation of the wheel travel a Fast Fourier Transform is per-

formed. The frequency description of the front wheel travel can be

phased, as in the irregularity algorithm, to produce the rear wheel

input

.

If a deterministic input is known as a function of frequency

the response can be found by:

Y(cd) = X(m) (C.51)

where:

Y(m) = Frequency response of system

X(m) = Frequency input

H(m) = Frequency response function of system

and the nondimens ional acceleration frequency response of the front

axle is

= [T (-^) + T (-^) e ] X.(o)) (C.52)
2f s 00 c 00 t

V V

where

:

X^(oo) = Fourier transform of front wheel input

To calculate the third octave band response of the guide-

way deflection response, the frequencies of the accelerations must

be distinguished. Since the analysis is performed using an FFT, the

response acceleration have magnitudes in discrete frequencies. The
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square of the accelerations whose frequencies are within a third octave

band must be added, multiplied by 1/2, and square rooted to find the

1/3 octave r.m.s values.

The total vertical vehicle response is due to both the ir-

regularity and deflection induced accelerations. Mean square accel-

erations calculated from the separate irregularity and deflection

analysis are added in each 1/3 octave band. The square root of this

sum is taken and the total r.m.s. 1/3 octave band acceleration is the

resul t

.

A vertical analysis program summarized in Figure C.ll has

been developed to compute vehicle accelerations from the vehicle

irregularity and guideway deflections. The vertical irregularity

analysis calculates the vertical guideway roughness from the inputted

irregularity amplitude standard deviations and the analytical PSD’s.

This total irregularity input PSD is used to calculate the irregu-

larity output PSD for the front and rear suspension attachment points.

By integrating the output PSD in third octave bands the ISO response

to guideway irregularity disturbances is calculated. The beam de-

flection, under the front wheel of the vehicle is calculated by a

time simulation of the modal guideway equations in C.l and assuming

initially flat beam. The resulting deflected beam shape is added to

the mean camber shape to determine the total time history beam deflec-

tion under the front wheel of the vehicle. The frequency domain des-

cription of the front wheel input is calculated by the use of a Fast

Fourier Transform (FFT) and from this the rear wheel input is calcu-
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I.S.O. TOTAL RESPONSE

FIGURE C.ll: VERTICAL VEHICLE ANALYSIS PROGRAM
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lated. Vehicle response is calculated in the frequency domain and the

resulting mean square response is added to irregularity response in

third octave bands. The total I.S.O, response is calculated by taking

the square root of the third octave band mean squares.

The lateral analysis program is similar to the vertical

program and has as inputs vehicle and construction tolerance para-

meters. The lateral vehicle transfer functions are calculated at

each frequency analyzed along with the total input irregularity PSD.

Both acceleration and tracking error response PSD's are integrated

over the total range of frequencies analyzed to determine total rms

response

.

The basic computer programs used to calculate the vertical

and lateral response have been developed by modifying slightly the

programs listed in [7].
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APPENDIX D

REPORT OF INVENTIONS

The material in this report has been reviewed and does not

contain patentable or copyrightable material. The innovations reported

in this document are of an analytical and computational nature. The

analytical innovations concern the development of techniques and metho-

dology for elevated guideway design.
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